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1.1. General introduction 
The world’s energy consumption is experiencing an unstoppable 
increase as a result of population growth and economic development. In the last 
ten years, the global primary energy consumption has increased an average of 
1.8% per year.1 Lighting accounts for 15 percent of the global electricity 
consumption and 5 percent of the worldwide greenhouse gas emissions.2 The 
total replacement of conventional incandescent and fluorescent lamps to solid-
state lighting (SSL) for general lighting purpose can reduce energy 
consumption to less than 10% of the total electricity generated.3 Therefore, 
solid-state lighting (SSL) based on light-emitting diodes (LEDs), organic light-
emitting diodes (OLEDs) or light-emitting electrochemical cells (LECs) plays 
an important role in achieving the planet’s energy consumption targets. 
Today, more than 85% of the world’s total primary energy 
consumption is supplied by coal, oil and gas, which in turn produce CO2. Only 
3% of the world annual energy consumption is due to renewable sources (see 
Figure 1). 
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Solar energy is the most abundant and permanent renewable energy 
resource and the only one capable of providing all the energy the world needs. 
The solar radiation reaching the Earth’s surface in one year is an order of 
magnitude greater than the total estimated non-renewable energy resources, 
including nuclear.4 The enormity of this resource is apparent when it is 
compared with the limited reservoirs of oil, gas and coal in the Earth. 
Nowadays, the development of renewable energy sources based on solar energy 
has become one of the main approaches to solve the energy crisis and 
environmental problems. Among the technologies available to harvest solar 
radiation, photovoltaics (solar cells) is the most promising one. Solar cells can 
efficiently convert sunlight directly into electricity. 
In order to have a photovoltaic technology competitive with fossil fuels 
in utility-scale power generation, it is necessary to focus on reducing the total 
cost of solar energy, either through increased efficiencies and operational 
lifetime or lower cost per photovoltaic cell. The photovoltaic market is set by 
crystalline and polycrystalline silicon solar cells (c-Si and poly-Si, 
respectively). However, thin-film solar cells, such as cadmium telluride (CdTe) 
and copper indium gallium diselenide (CIGS) are gaining market due to their 
lower costs. However, for c-Si, poly-Si and these thin-film photovoltaic 
technologies, the industrial fabrication requires high energy-input 
manufacturing, involving high-temperature and complex fabrication processes. 









1.2. Aim of the thesis 
The global aim of this thesis is the implementation of unconventional 
materials into light-emitting and photovoltaic devices with high conversion 
efficiencies. 
In particular we aim to: 
 Improve the stability of light-emitting electrochemical cells and extend 
the emission wavelength to red and near-infrared. 
 
 Improve the efficiency of perovskite solar cells via vapour phase 
deposition of the perovskite absorber and by optimizing the interfaces 




























































2.1.1. Light-emitting electrochemical cells 
Light-emitting electrochemical cells (LECs) are solid-state 
electroluminescent devices made of a single emissive layer consisting of: a 
conjugated polymer (pLECs),5-9 a non-ionic small fluorescent molecule (SM-
LECs),10 a phosphorescent transition-metal complex (TMC-LECs),11-16 
quantum dots (QD-LECs)17-18 or recently organic-inorganic halide 
perovskites.19-20 The presence of ions in the active layer is crucial for the device 
operation due to the working mechanism. Therefore, LECs based on uncharged 
emitters do require the presence of an additional electrolyte or an ion-
conducting polymer. As the use of charged emitters will make the device 
architecture simpler, the most attractive active materials for LECs are ionic 
transition-metal complexes (iTMCs). iTMCs, in its anionic and cationic forms, 
play several key roles: promotion of charge injection from the electrodes, 
electron and hole transport through the device and radiative recombination, i.e. 
luminescence. Given the excellent solubility of the cationic complexes in 
common organic solvents21 and the generally low solubility of the anionic 
ones,11-12, 22 the former have been the most widely iTMCs used as 
electroluminescent materials for LECs. 
The first LEC based on iTMCs was reported in 1996 where a polymer 
based on a Ru(II) complex was used as the single component in the emissive 
layer.23 In the following years, a large number of polymer iTMCs or iTMCs 
based on cationic Ru(II) and Os(II) complexes were implemented into LECs.24-
34 The limited range of the electroluminescence emission wavelengths from 
orange to red due to their low ligand-field splitting energies (LFSEs)35-36 and 
the low luminescence efficiencies (5.5% reported in 2002)28 limited their 
application in light-emitting devices. Other iTMCs with different transition 
metal cores were investigated and incorporated into LECs, such as 
rhenium(I),37-39 platinum(II)40 and copper(I)41-46 but iridium(III) was shown to 
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be a strong candidate. The greater versatility of iridium(III) iTMCs (Ir-iTMCs) 
in comparison with other iTMCs for light-emitting applications is due to: 1) 
synthetic versatility forming homo- and heteroleptic complexes, 2) colour 
emission over the whole visible range, 3) enhance photostability (the non-
emissive metal-centred triplet excited states (3MC) are less accessible) and 4) 
high efficiency and device stability. The first paper describing a LEC based on 
a cationic Ir-iTMC was published in 2004 by Slinker et al.35 Up to now, more 
than 100 publications confirm iridium complexes as the best candidates to be 
used as emitters in light-emitting electrochemical cells. Unfortunately, iridium 
is expensive and one of the least abundant elements in the Earth’s crust and, in 
the near future, it will need to be replaced by other more abundant and cheaper 
metals, such as copper. 
2.1.2. Iridium(III) iTMCs: the core of LECs  
Iridium is a third-row transition element. It has a 5d6 electronic 
configuration where its d orbitals are split by the interaction with the octahedral 
ligand field into three stabilized t2g (dxy, dxz, dyz) and two destabilized eg orbitals 
(dz2, dx2-y2). The energy difference between these two groups of orbitals (Δo) 
presents a high splitting because of the presence of the highly charged ion 
belonging to the third-row transition metal. Therefore, the electronic 
configuration of the metal centre is always in a low-spin state (t2g6eg0) and the 
ligand-field stabilization energy is maximized. As a result, cationic iridium(III) 
complexes are generally stable and inert toward ligand substitution. From a 
spin-statistic point of view, when a hole and an electron recombine and an 
exciton is formed in the emissive layer, 25% of the cases the excitons 
correspond to singlet excited states and 75% to triplet excited states. For an 
organic semiconductor (OS), the light emission results through the singlet state 
(fluorescence), whereas for an iTMC both the triplets and the singlets can result 
in light emission (phosphorescence). The high spin-orbit coupling (SOC) of 
iridium(III) yields almost unitary intersystem crossing (ISC) efficiency from 
singlet to triplet excited states. Singlet excitons are in Ir-iTMCs efficiently 
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converted into triplets and therefore, the complexes can efficiently harvest both 
singlet and triplet excitons. Therefore, Ir-iTMCs are typically phosphorescent 
triplet emitters that exhibit efficient spin-forbidden phosphorescence 
emissions. This fact allows for higher electroluminescence efficiencies 
compared to organic semiconductors (singlet emitters).  
The vast majority of cationic iridium complexes are heteroleptic and 
possess the structure [Ir(C^N)2(N^N)]+, where the Ir(III) metal centre is 
coordinated to three ligands, two anionic cyclometalated ligands (C^N) and one 
neutral ancillary (N^N) ligand. In order to balance the positive charge, the 
presence of a small mobile counteranion is essential, generally 
hexafluorophosphate (PF6‒) and tetrafluoroborate (BF4‒) are the most used in 
the literature. These counterions have an active role in the operation 
mechanism, because their displacement to the respective electrode under an 
applied bias lowers the charge injection barriers. However, the presence of 
some counterions, such as chloride (Cl‒),47 has been demonstrated to be 
detrimental for the device performance.28 In the Section (2.1.6.), the operation 
mechanism and the role of the counterions will be explained. 
2.1.3. Photophysics of iTMCs 
In this section, the photophysics of the iTMCs will be explained 
through the archetype iTMC [Ir(ppy)2(bpy)][PF6], where ppy‒ is 2-
phenylpyridinate and bpy is 2,2’-bipyridine48 (see Figure 2a). 
In Ir-iTMCs, the atomic orbital composition of the highest-occupied 
molecular orbital (HOMO) is usually comprised of a mixture of Ir dπ orbitals 
(t2g) and the phenyl π orbitals of the C^N ligands (Figure 2b), whereas the 
lowest-unoccupied molecular orbital (LUMO) is localised essentially on the 
N^N ligand (Figure 2c).48-50 In LECs, the energies of the HOMO and LUMO 
are not so important than in OLEDs, where the energy levels of the emitter must 
be properly aligned with the adjacent layers. For LECs, these values are only 
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important in host-guest systems, but not for the “single emitter” devices 
because the emitter will also act as charge transporter. 
 
Figure 2. a) Structure of the prototype Ir-iTMC: [Ir(ppy)2(bpy)][PF6] where ppy‒ = 2-
phenylpyridinate and bpy = 2,2’-bipyridine.48 The HOMO is spatially located on the Ir metal 
centre and the phenyl rings of the cyclometalated ligands (in orange) and the LUMO is located 
on the ancillary ligand (in green). Schematic representation of the electronic density contours 
calculated for the frontier molecular orbitals b) HOMO and c) LUMO of [Ir(ppy)2(bpy)][PF6] 
complex. d) Electronic energy-level diagram for a generic Ir-iTMC. MC is metal-centred, LC is 
ligand-centred, MLCT and LLCT are metal-to-ligand and ligand-to-ligand charge transfer, 
respectively. 
As the emission behaviour in iTMCs is determined by the SOC 
between the lowest-energy triplet excited state (T1) and the higher-lying singlet 
and triplet states, the description of the electronic transitions in terms of 
excitations between the highest occupied and lowest unoccupied molecular 
orbitals are useful in determining the nature of the excited states. The electronic 
nature and the relative energy ordering of the low-lying triplet states and, in 
particular of the emitting excited state T1, is essential to understand the 
photophysical properties of the complex. Theoretical calculations performed 
with the time-dependent version of the density functional theory (TD-DFT) 
demonstrated that the lowest-energy triplet excited state (T1) in Ir-iTMCs 
generally arises from “mixed” triplet levels, due to the contributions of 3MLCT 
(metal-to-ligand charge transfer), 3LC (ligand-centred) and sometimes also 
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3LLCT (ligand-to-ligand charge transfer) states.51 The energy position of the 
non-emissive 3MC (metal-centred) states with respect to the emitting triplet 
state T1 is relevant because the thermal population of the 3MC states is one of 
the possible non-radiative deactivation processes that can take place in Ir-
iTMCs. Generally, 3MC states are energetically inaccessible52 to be thermally 
populated due to the fact that the ligand-field stabilization energy is enhanced 
by the use of cyclometalated ligands. However, under particular circumstances, 
this deactivation process must be thoroughly considered.53-54 The electronic 
transfer through 3MC states involve electron promotion from HOMO dπ 
orbitals (t2g) to the antibonding dσ* orbitals (eg) of the iridium ion. The latter 
are characterized by a strong σ-antibonding interaction between the iridium and 
the nitrogen atoms of the C^N ligands.48 Then, the population of 3MC states 
lead to elongation and rupture of the Ir-N(C^N) bonds, open the molecular 
structure of the complex and enhance the reactivity of the complex with the 
entrance of small nucleophilic molecules facilitating the degradation of the 
complex. 
2.1.4. Strategies for colour tuning in Ir-iTMCs 
The spatial separation of the HOMO and the LUMO on different 
molecular moieties offers the possibility of modulating the HOMO−LUMO 
energy gap, and therefore of tuning the emission in the whole visible range, 
from blue to deep-red. Several groups have reviewed the different strategies to 
colour tuning of iridium complexes.13-15, 55-58 The colour emission of Ir-iTMCs 
can be tuned by changing or chemically modifying the organic ligand 
framework around the iridium(III) metal. The energy gap can be fine-tuned by 
playing independently on the cyclometalated (HOMO) or on the ancillary 
ligand (LUMO), or even on both of them (see Figure 3). As a rule of thumb, it 
can be said that: 1) the use of electron-withdrawing/donating substituents on 
the C^N ligands reduce/enhance the σ donation to the metal, thus 
decreasing/increasing the electron density on the iridium core, and lead to a 
stabilization/destabilization of the HOMO; and 2) the use of electron-
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donating/withdrawing substituents on the N^N ligand or use of intrinsically 
electron-rich/poor ligands brings about a destabilization/stabilization of the 
LUMO. 
 
Figure 3. General scheme depicting the different approaches used for tunning the colour emission 
toward the blue (left) or red (right) of the archetype [Ir(ppy)2(bpy)][PF6] complex (centre). Up: 
Energy-level diagram. Bottom: Chemical structure of the [Ir(ppy)2(bpy)][PF6] complex, where 
EWG and EDG mean electron-withdrawing groups and electron-donating groups, respectively. 
Adapted from reference 58. 
2.1.5. Processing and performance of LECs 
LECs are solution-processed devices where all layers, except from the 
top electrode (cathode), are deposited from solutions of benign solvents under 
ambient air. In most cases, the top electrode is thermally evaporated but cathode 
inks,59 liquid top contacts29 or the use of soft contact lamination60 can be used 
for the fabrication of fully solution-processed devices. Most research 
laboratories fabricate LECs using the laboratory-scale spin-coating technique. 
The transference from laboratory-scale fabrication to industrial applications is 
feasible via industry-relevant solvent-based deposition techniques, such as roll-
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to-roll (R2R), inkjet printing, spray-sintering, slot-die, blade-coating or gravure 
coating, among others.61-66 
The device architectures most often reported are sandwich-type,25 
planar-type (with interdigitated electrodes),67-69 and cascade-type (or arrays of 
LECs).70-71 Along this thesis, only sandwich-type LECs were fabricated and this 
section will focus on them.  
The architecture of sandwich-type LECs (Figure 4) consists, as their 
name indicates, of one or two organic/organometallic layers sandwiched 
between one transparent conductive oxide (TCO), such as indium tin oxide 
(ITO) or the less commonly used fluorine-doped tin oxide (FTO), and a high-
work-function (air-stable) reflecting metal cathode (Al, Au). One of the great 
advantages of LECs is that they do not require low work-function metals, which 
are extremely sensitive to ambient oxygen and water, for electron injection. 
This insensitivity to the work function of the electrode reduces the requirements 
for the encapsulation of the devices. Although in other technologies 
encapsulation has been successfully achieved for devices made on glass, there 
are unsolved problems for devices processed on flexible substrates. 
Double-layer LECs (Figure 4) are composed of a hole injection layer, 
generally poly(3,4-ethylenedioxythiophene):polystyrenesulfonate 
(PEDOT:PSS) followed by the layer of the emissive material. PEDOT:PSS is 
often used to promote hole injection as well as to smooth the ITO surface and 
increase the yield of device preparation. The emissive layer is composed of the 
iTMC mixed with a lithium-based salt72-75 or an ionic liquid (IL).71, 76-77 These 
additional salts increase the density of mobile ions and the ionic mobility, 
reinforcing the migration of ions and accelerating the device turn-on time (ton). 
The emissive compound can be dispersed in an inert polymer,27-28 such as 
poly(methyl methacrylate) (PMMA), poly(carbonate) (PC) or poly(styrene) 
(PS) to improve the homogeneity of the layer and to enhance the 
photoluminescence quantum yield (PLQY or Φ) decreasing the self-quenching 
that occurs due to concentration effects (high concentrations favour exciton 
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hopping and subsequently emission quenching). LECs are less sensitive to the 
active layer thickness than OLEDs and thickness variations of the active layer 
are tolerated. By reducing the thickness of the iTMC layer the ton shortens but 
the efficiency is also decreased due to higher exciton quenching at the 
electrodes.78 Finally, an air-stable cathode is thermally evaporated as the top 
electrode, such as Ag, Al or Au. 
 
Figure 4. Schematic layout of a double-layer sandwiched-type LEC. 
Figures of merit 
The most common figures of merit used in the characterization of LECs are the 
following: 
 Light output: General term commonly used for flux of light or radiant 
energy emitted from the device per unit area. 
 Luminance (L): Flux of light emitted from the device per unit area. The 
value of luminance reported for a given device is the maximum 
observed, defined as maximum luminance (Lmax). The SI unit is the 
candela per surface unit (cd m‒2). 
 Irradiance (I): Flux of radiant energy emitted from the device per unit 
area, measured in power per unit area (μW cm‒2). The value of 
irradiance reported for a given device is the maximum observed, 
defined as maximum irradiance (Imax). 
 Current density (J): Flux of current through the device, measured in 
ampere per surface unit (A m‒2). 
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 Voltage (V): The voltage applied or measured in a working device. For 
a pulsed driving cell, the voltage is the average between the on- and 
off- time of the pulse. 
 Turn-on time (ton): Time needed to reach L = 50 cd m‒2 (t50) or L = 100 
cd m‒2 (t100). 
 (tmax): Time needed to reach the maximum luminance (Lmax). 
 Device lifetime (t1/2): Time to reach half of the maximum luminance. 
 Current efficiency or efficacy: The flux of light in candelas per 
electrical ampere. The SI unit is candela per ampere (cd A‒1). The value 
of efficacy reported for a given device is the maximum observed. 
 Power efficiency (PE): The flux of light measured in lumens per 
electric watt. It is measured in lm W‒1. The value of power efficiency 
reported for a given device is the maximum observed. 
 External Quantum Efficiency (EQEEL): The ratio of photons emerging 
from the device per injected electrons. 
𝐸𝑄𝐸𝐸𝐿 =  
𝑏·𝜙
2·𝑛2
   (1) 
Where b is the recombination efficiency (equal to unity for two ohmic 
contacts),79 ϕ is the fraction of excitons that decay radiatively, and n is the 
refractive index of the glass substrate and is equal to 1.5. The factor 1/(2n2) 
accounts for the light outcoupling of the device. 
 Commission Internationale de l’Eclairage coordinates (CIE coord.) 
(Figure 5): These coordinates can be calculated from the 
electroluminescence emission spectrum and give a univocal definition 





Figure 5. The Commission Internationale de l’Eclairage (CIE) chromaticity diagram. 
2.1.6. Operation mechanism of LECs 
The operation mechanism of LECs has been the subject of a long-
standing debate. Two main different device mechanisms were proposed for 
explaining the LEC operation (Figure 6): the electrochemical doping model 
(ECD)(Figure 6a)5, 81-82 and the electrodynamic model (ED)(Figure 6b).83-86 
Both models agree that the injection barrier for electrons and holes is reduced 
by the separation of the positive and negative ions in the emissive layer upon 
application of a bias, but they differ with respect to the internal distribution of 
the electric field. In the ECD model (Figure 6a), the charge injection is 
promoted by the doping of the material near the electrodes forming p- and n-
doped regions that grow over time, and the applied potential drops over the 
remaining intrinsic region between these doped zones. By contrast, in the ED 
model (Figure 6b) the electric field drops over a thin electrical double layer 















Figure 6. Scheme of the potential profile and the electronic and ionic charge distribution in a 
LEC during steady-state operation. a) Electrochemical doping model (ECD) and b) 
electrodynamic model (ED). Thick blue line: potential profile. Cyan and red symbols represent 
the negatively and positively charges, respectively. Orange and yellow regions correspond to 
high- and low-field regions in the bulk, respectively. Adapted from reference 13. 
In 2010, a unifying model reported by van Reenen et al.69 and Lenes et 
al.87 conclude the debate and a broad consensus emerged. In brief, this model 
describes that under no bias the intrinsic emitting layer in the LEC device is 
neutral because charges are randomly distributed. After applying an external 
bias, anions and cations migrate to the respective electrode interfaces and form 
thin EDLs thereby reducing the injection barrier. This reduction facilitates 
charge injection leading to the oxidation and reduction of the emissive material 
forming p- and n-doped regions. With the formation of these doped zones, the 
carrier injection is enhanced and there is a gradually increase of the device 
current and light output. A p-i-n junction is then formed through the device and 
the emissive species are confined in the intrinsic region “i”. These highly 
conductive doped regions slowly grow at the expense of the neutral (undoped) 
emitting layer. The speed of the formation of the EDLs is associated with the 
time needed for the counterions in the LEC to be redistributed under the applied 
bias and ultimately related to the ton of the device. It was found that the use of 
smaller counterions reduced the ton compared to large anions.29 The widening 
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of the doped zones is unavoidable and their growth will increase exciton 
quenching and consequently decrease the luminance of the LEC until 
eventually no light is emitted. The operation mechanism implies that LECs are 
self-limiting devices. 
2.1.7. Limitations of LECs and state-of-the art 
Initially, LECs suffered from some drawbacks compared to OLEDs, 
but during the past fifteen years, tremendous progress has been achieved to 
overcome the primary shortcomings, namely: 1) reduction of turn-on time (ton), 
2) enhancement of efficiency together with luminance levels, 3) improvement 
of device stability, 4) enhancing the colour gamut, to blue and red emission. A 
brief explanation on these achievements is presented below. 
Reduction of turn-on time (ton) 
The low ionic conductivity in the solid state is the origin of the long ton 
observed in LECs ranging from a few minutes to several days. For real 
application in lighting, an instantaneous ton in the sub-second time scale is 
required. The major breakthroughs in the reduction of ton were the addition of 
ionic liquids (ILs) in the active layer and the operation of the device using a 
current driving mode. 
The former was proposed by Malliaras et al. in 2005 with the addition 
of the ionic liquid 3-butyl-1-methylimidazolium hexafluorophosphate 
[Bmim][PF6] to the Ir-iTMC.76-77 The ionic conductivity in the emissive layer 
is improved due to the higher density of mobile ions in the film. They found 
that small amounts of this IL significantly reduced the ton of LECs from several 
hours to several minutes, whereas the luminance was increased. 
The performance of LECs depend on several factors, among which the 
driving mode used to operate the device is one of the most important. In general, 
current driving shows a faster ton compared with voltage driving due to the 
higher voltages in the first instants of operation. In addition, pulsed driving 
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gives better-performing devices compared with constant driving. Therefore, the 
use of pulsed-current driving resulted in LECs with virtually instantaneous 
ton.88-89 
Enhancement of efficiency together with luminance levels 
The excitons in the triplet excited states in Ir-iTMC have long lifetimes 
with long diffusion lengths. Excitons are quenched when they encounter a 
reactive species such as an electron or a hole or radical cations and anions in 
the doped layers. Hence, the long diffusion lengths and the efficient quenching 
of excitons makes it difficult to achieve high brightness and high efficiency in 
LECs. For real applications, high efficiency together with high luminance is 
desired during the device operation. 
Higher current efficacies at high brightness were obtained using 
pulsed-current driving90 compared to conventional constant driving.91-93 
However, a multi-component system based on a host:guest:electrolyte active 
material, where the guest is an iTMC, has recently boosted the efficiency 
operation to 99.2 cd A‒1 at the significant high luminance of 1910 cd m‒2. In 
the device, an outcoupling structure was also employed.94 In the host-guest 
system, the exciton is trapped on the triplet-emitting iTMC guest suppressing 
the exciton diffusion and confining the exciton quenching in the central 
recombination zone. 
Improvement of device stability 
Friend et al. mentioned in 1999 that the most critical performance 
characteristic for OLEDs is the device lifetime, operational and storage. For 
most applications, operating lifetimes in excess of 3,000 hours, and, generally, 
in excess of 10,000 hours are necessary. Related to storage times, 5 or more 
years are required.95 
The commonly observed trade-off between fast ton and long device 
lifetimes36 was overcome using the above-mentioned pulsed-current driving 
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approach. Under operation, the device has time to relax in the off-state after 
each current pulse which leads to a reduction of the growth of the doped zones. 
However, the device lifetime is often limited by the stability of the emitter. 
Several chemical modifications were reported that enhanced the device 
stability. Generally speaking, an enhancement of stability is achieved by spatial 
separation of the iTMCs and by providing a rigid and stable coordination 
environment for the metal cation. Recently, two families of iTMC complexes 
were reported by our group with long stabilities and short ton. One family 
contains arylazole ancillary ligands96 and the other uses benzothiazole ancillary 
ligands, with device lifetimes greater than 2700 h and 6000 h, respectively. 
Other strategy consists on the use of ligands capable of intramolecular π-π 
stacking.97-99 The supramolecular cage is formed and due to the stack of the 
ligand limits the attack of nucleophilic molecules to the Ir metal core and the 
degrading of the emitter is hindered. The first example reported using this 
strategy showed an extraordinary stability of around 2000 h.97 
Due to the breakthrough in the device stability obtained with the 
benzothiazole-based iTMC family, the processing and performance of these 
LECs will be more extensively described in the next section of this thesis. 
Colour: blue and red emission 
The “Energy gap law” (EGL)100-101 states that a series of compounds 
with similar ground- and excited-state vibrational modes will show a linear 
correlation between nonradiative decay rates with the emission energy. Ir-
iTMCs typically follow the EGL behaviour, then the nonradiative decay rate 
increases as the energy gap decreases (toward red emission). Since the PLQY 
is defined as: 
𝑃𝐿𝑄𝑌 =  
𝑘𝑟
𝑘𝑟+𝑘𝑛𝑟
   (2) 
where 𝑘𝑟 and 𝑘𝑛𝑟 are the radiative and nonradiative rates, respectively, PLQY 
decreases as the energy gap decreases. Ultimately, the PLQY is related to the 
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device efficiency in terms of the EQEEL. As the PLQY of red-emitting Ir-iTMCs 
is typically low, the EQEEL will be low (see Equation (1)). Moreover, re-
absorption of the low energy emission by red Ir-iTMCs for excitation of 
molecular vibrations is one of the reasons for the low efficiency and/or device 
lifetime of red LECs.102 
In addition to the lower efficiency, a small number of red-emitting 
LECs have been reported and only few of them have CIE coordinates close to 
the ideal red value (CIE 0.66, 0.33) showing poorer stability compared to 
yellow/orange LECs. 
However, the greatest challenge for organometallic synthetic chemists 
is still the design of iTMCs with deep-blue and blue emission. Up to now, only 
a few examples have been reported and they also exhibit poorer stability 
compared to yellow and orange LECs. The low stability is normally attributed 
to the degradation of the emitter via an over-charge injection process103-106 or 
the population of the non-emissive metal-centred (3MC) triplet in the Ir 







2.2. Improving the device stability of red and near-infrared 
light-emitting electrochemical cells by chemical modification 
2.2.1. Introduction 
Red (620‒660 nm) and deep-red (660‒700 nm) emitting devices are 
widely used in applications such as signage and automotive. Moreover, pure- 
red emitters together with pure-green and -blue emitters are needed for full-
colour applications and as key components for obtaining white light. Near 
infrared emission (> 700 nm) is interesting for applications in sensing, 
telecommunications or bioimaging. LECs based on red- and near-infrared 
emitters could serve as a low-cost alternative to be successfully applied in light-
emitting sources in the near future. 
Device lifetime is the most critical performance characteristic for LECs 
employed in lighting applications. The device stability of LECs mainly depends 
on the current applied through the device and the nature of the iTMC employed 
(structural, chemical and electrochemical stability). The device stability 
decreases with increasing current density due to a number of reasons: 1) fast 
growing of the doped regions, 2) chemical degradation of the iTMC, 3) 
quenching of excitons by the injected charges and excitons presented in the 
doped layers, 4) saturation of the phosphorescent emissive centres and 5) Joule 
heating of the device. Therefore, the application of low currents seems to be 
beneficial for device stability, whereas the use of high currents leads to 
acceleration of the device degradation due to the higher stress that the materials 
are subjected to. 
The iTMC stability can be enhanced with the use of rigid ligands.102 
This rigidity prevents degradation of the complex (rupture of weak bonds), 
reduces the intramolecular vibrations in the complex and less heat is generated 
via non-radiation relaxation processes. In addition, a large energy difference 
between the emitting 3MLCT triplet and the 3MC triplet prevents the complex 
from reaching the unstable 3MC states. 
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While stable green- and yellow-emissive LECs have been widely 
reported, there are few examples of red-to-near infrared (NIR)-emissive iridium 
iTMC-based LECs.93, 102, 109-116 In general, red-emitting LECs exhibit lifetimes 
of a few hours or less. In cyclometalated [Ir(C^N)2(N^N)]+ complexes, Tamayo 
et al. reported the complex [Ir(tbutyl-ppz)2(biq)][PF6] (tbutyl-ppz− = 4′-tert-
butylphenyl)pyrazolato, biq = 2,2′-biquinoline) that was incorporated into 
LECs showing its maximum electroluminescence wavelength (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥 ) at 635 
nm with a luminance of 7500 cd m−2 but no lifetime data was presented.109 
Zhang et al. reported the most efficient red-emitting LEC up to now (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥  at 
624 nm) with an EQEEL of 9.51% using the [Ir(ppy)2(pyoxd)][PF6] complex 
(ppy− = 2-phenylpyridinate, pyoxd = 2-phenyl-5-(2-pyridyl)-1,3,4-oxadiazole). 
This red-emitting LEC showed a device lifetime of 490 min under operation at 
5 V.93 Hu et al. introduced in a host−guest configuration a benzoimidazole 
moiety in the N∧N ligand in the [Ir(ppy)2(qIbi)][PF6] (qIbi = 2-(1-phenyl-1H- 
benzoimidazol-2-yl)quinoline) complex producing a LEC with a deep-red 
emission (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥  at 650 nm).117 Recently, Namanga et al. demonstrated a 
lifetime of 280 h for the [Ir(bzq)2(biq)][PF6] (bzq− = benzo[h]quinolato and biq 
= 2,2’-biquinoline) (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥  at 662 nm), with maximum luminance of 33.65 cd 
m‒2 and efficiency of 0.33 cd A‒1, which is among the longest device lifetimes 
reported for any deep-red LEC.102 
The benzothiazole moiety has previously been used in iTMCs as part 
of the cyclometalated C^N ligand.118-120 In particular, 2-(pyridin-2-
yl)benzo[d]thiazole (btzpy) has been coordinated to other metal ions121-122 and 
there is only one example with iridium using the related N^N domain (N^N = 
2-(pyridin-2-yl)-4,5-dihydrothiazole) but the complex was only evaluated as a 
photosensitizer for catalytic water reduction.123 
In this chapter, the study of the thin-film photophysical 
characterization, fabrication and characterization of LECs using a series of 
ionic iridium(III) complexes (1‒8) based on the [Ir(ppy)2(btzpy)][PF6] complex 
having ppy− as the C^N cyclometalated ligand and btzpy as the N^N ancillary 
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ligand is presented. The incorporation of substituents, replacement for other 
ligands, and the role of the heteroatom in the benzothiazole unit are analysed. 
All the LECs studied here exhibit deep-red to infrared electroluminescence.  
2.2.2. Experimental and methodology 
Ir(III)-iTMC complexes 
The Ir-iTMCs used in this thesis for the fabrication of LECs were 
synthesized, purified and characterized by the groups of Prof. Dr. Edwin C. 
Constable and Prof. Dr. Catherine E. Housecroft at the Department of 
Chemistry of the University of Basel (Switzerland) or by the group of Prof. Dr. 
Eli Zysman-Colman at the Organic Semiconductor Centre, EaStCHEM School 
of Chemistry of the University of St. Andrews (United Kingdom). The 
chemical structures of the red and near-infrared emitters studied in the thesis 
are depicted in Figure 7. Complexes 1‒6 were synthesized by Dr. Cathrin D. 
Ertl at the University of Basel. Complexes 7 and 8 were synthesized by Dr. 

















Figure 7. Chemical structures of the red and near-infrared Ir-iTMC emitters (complexes 1‒8) 












Processing, preparation and characterization of the LECs were carried 
out in a class 10000 cleanroom (Figure 8). The cleaning of the substrates and 
coating of the layers were done inside the cleanroom in atmospheric conditions, 
and the thermal annealing, evaporation of the cathode and characterization of 
the device, were carried out under inert conditions in an MBRAUN glovebox 
(< 0.1 ppm H2O and O2). 
 
 
Figure 8. Photograph of the class 10000 cleanroom at the Instituto de Ciencia Molecular (ICMol) 
of the Universidad de Valencia. 
Materials 
All the materials were used as received. Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS, Clevios P VP Al 
4083, aqueous dispersion, 1.3–1.7% solid content) was purchased from 
Heraeus. The ionic liquid 1-butyl-3-methylimidazolium hexafluoridophosphate 
([Bmim][PF6]) (> 98%) and the poly(methyl methacrylate) (PMMA, Mw = 
120,000 g mol‒1) were purchased from Sigma-Aldrich. The solvents 
acetonitrile, dichloromethane, methyl ethyl ketone and anisol were purchased 
from Sigma-Aldrich. The photolithography-patterned indium tin oxide (ITO) 
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(15 Ω □‒1) glass substrates and the quartz substrates were purchased from 
Naranjo Substrates (www.naranjosubstrates.com) and UQG Optics, 
respectively.  
Processing of samples for thin-film photoluminescence characterization 
In order to evaluate the suitability of the iTMCs as emitters in LEC 
devices, the solid-state photophysical properties of the emitters were 
characterized. The photoluminescence (PL) spectrum and the PLQY were 
determined in a thin-film configuration. The PL spectrum gives information 
about the spectral region where the complex emits when excited by a light 
source. For clarity, the emission intensity (in counts) is normalized to unity. 
The PLQY (in 100% or in a scale 0 to 1) is the relation between the photons 
emitted per photons absorbed by the emitter or emitter-containing film. As 
mentioned above, Ir-iTMCs can harvest both singlet and triplet excitons, 
therefore the PLQY should resemble the solid-state PL efficiency. Hence, the 
device efficiency is mainly determined by the solid-state PLQY of the iTMC 
emitter.  
The samples for thin-film PL measurements had the same composition 
and thickness than the emissive layer used in the LECs. Each complex was 
mixed with the IL [Bmim][PF6] in a 4-to-1 molar ratio. A 100 nm thick film 
was deposited from a solution of complexes 1, 5 and 6 in acetonitrile and 
complexes 2‒4, 7 and 8 in dichloromethane. Prior to deposition, all solutions 
were filtered with a polytetrafluoroethylene (PTFE) filter with 0.22 μm pore 
size and spin-coated at 1000 rpm for 30 s in air onto cleaned quartz substrates. 
As the films obtained from the filtered solutions of complexes 2 and 4 in the 
LEC layout were inhomogeneous, the complexes were dispersed with a small 
amount (2 wt.% with respect to the other components of the light-emitting 







All the devices studied in this thesis have the stack architecture (see 
Figure 4): ITO/PEDOT:PSS/active layer/Al. The composition of each active 
layer was a mixture consisting of the light-emitting iTMC and the IL in a 4-to-
1 molar ratio, except for complexes 2 and 4, which were dispersed with a small 
amount (2 wt.% with respect to the other components of the light-emitting 
layer) of PMMA. 
LECs were prepared as follows. The substrates were cleaned by 
subsequently 5-minute sonication steps in water-soap, water and 2-propanol 
baths, in that order. After drying, the substrates were placed in a UV-ozone 
cleaner (Jelight 42-220) for 20 minutes. Onto the clean ITO substrates, a 80 nm 
layer of PEDOT:PSS was spin-coated at 1000 rpm for 60 s and dried at 150 º C 
for 15 min. The PEDOT:PSS was added from a syringe and filtered with a 
polypropylene (PP) 0.45 μm pore size filter. The purpose of this layer is to 
flatten the ITO, improving the reproducibility of the devices and hence 
preventing the formation of pinholes that can lead to shorts. Then, a 100 nm 
thick film of the emissive layer was deposited in the same conditions that were 
described for thin-film samples for photoluminescence measurements. In brief, 
solutions of complex:IL in a 4-to-1 molar ratio were filtered and spin-coated at 
1000 rpm for 30 s. The IL was added to reduce the ton defined as the time to 
reach a luminance of 50 or 100 cd m‒2 (t50 or t100) and to increase the 
performance of the devices.76 The devices were transferred to the inert 
atmosphere glovebox for annealing at 100 ºC for 1 h. Finally, a 70 nm thick 
film of aluminium was thermally evaporated using a shadow mask under 
vacuum (< 1 × 10‒6 mbar) with an Edwards Auto500 evaporator integrated into 
the glovebox. The active area of the cells was 6.34 mm2. The devices were not 







Thin-film photoluminescence and LEC characterization and equipment. 
All devices were tested without encapsulation and were characterized 
inside the glovebox at room temperature. For each device configuration, we 
evaluated eight cells to ensure meaningful statistics.  
The thin-film PL spectrum and solid-state PLQY were measured in air 
with a Hamamatsu C9920-02 Absolute PL Quantum Yield Measurement 
System. The system consists of an excitation light source (a xenon lamp linked 
to a monochromator), an integration sphere and a multi-channel spectrometer. 
LECs are intrinsically dynamic devices and their characterization is 
made in a different way than what is usual for OLEDs. OLEDs are frequently 
characterized by monitoring the luminance and current density versus voltage 
in scans with different scan speeds. Due to the slow ionic motion occurring in 
LECs, their operation changes with different scan speeds and therefore this 
method is not suitable. Therefore, LECs are generally studied by applying 
either a fixed voltage or a fixed current density over time. As mentioned above, 
our group has shown the benefits of operating the devices under pulsed-current 
driving and this mode has been chosen for the characterization of the devices 
studied in this thesis. Therefore, LECs using complexes 1‒8 were tested by 
applying a pulsed current and by monitoring the voltage and the luminance with 
a True Colour Sensor (MTCSiCT Sensor, MAZeT GimbH) using a Lifetime 
Test System (Botest OLT OLED Lifetime-Test System, Botest System GmbH). 
LEC using complex 7 was also evaluated by applying a pulsed current with the 
Botest Lifetime Test System, but due to NIR emission the irradiance was 
monitored using an integrating sphere (UDT Instruments, model 2525LE) 
coupled to a Radiometric Sensor (UDT Instruments, model 247) and an 
optometer (UDT Instruments, model S370).  
The pulsed current consisted of a block wave at 1000 Hz frequency 
with a duty cycle of 50%. The peak current density of the pulse was 200 A m‒2 
and the average current density was 100 A m‒2 for LECs 1‒6. For further 
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understanding of the device stability of the LEC using complex 1, this device 
was driven at average current densities of 300, 700, 1250 and 1500 A m‒2. For 
LECs using complexes 7 and 8, the current densities applied to the devices were 
800 A m‒2, which corresponds to an average current density of 400 A m‒2.  
Electroluminescence spectra were recorded using an Avantes fiber 
optics photospectrometer.  
2.2.3. Results and discussion 
The thin-film photophysical properties of the complexes 1‒8, such as 
the photoluminescence (PL) spectrum and PLQY, were determined under 
illumination at 320 nm (Table 1). All the complexes emit in the red – near-
infrared region with maximum emission wavelengths (𝜆𝑒𝑚,𝑃𝐿
𝑚𝑎𝑥  ) ranging from 
625 nm for complex 6 to 707 nm for complex 7. The PLQY values are low 
(<18%), with the highest PLQY obtained for complex 2 (PLQY = 17.6%) and 
the lowest values obtained for complexes with the lowest emission energies of 
the series: complex 3 (PLQY = 9.7%, 𝜆𝑒𝑚,𝑃𝐿
𝑚𝑎𝑥   = 651 nm), complex 5 (PLQY = 
5.8%, 𝜆𝑒𝑚,𝑃𝐿
𝑚𝑎𝑥  = 658 nm) and complex 7 (PLQY = 5.0%, 𝜆𝑒𝑚,𝑃𝐿
𝑚𝑎𝑥   = 707 nm), 
presumable as a consequence of the EGL. 
Table 1. Thin-film photophysical characterization of complexes 1‒8 (λexc = 320 nm).  
Complex 𝜆𝑒𝑚
𝑚𝑎𝑥(nm) PLQY (%) 
1 645 11.0 
2 642 17.6 
3 651 9.7 
4 626 12.5 
5 658 5.8 
6 625 12.3 
7 707 5.0 
8 658 14.0 
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Simple two-layer LECs were prepared to evaluate the 
electroluminescent properties of complexes 1‒8 in a sandwich-type structure. 
LECs fabricated using complexes 1‒8 will be referred as LECs 1‒8 for clarity. 
The device layout is as follows, ITO/PEDOT:PSS/complex(1‒8):IL/Al, as 
explained in the experimental and methodology section (Section 2.2.2.). In 
brief, LECs were prepared by spin-coating a 80 nm thick film of PEDOT:PSS 
on pre-cleaned ITO substrates. The active layer (100 nm thick film) was then 
deposited by spin-coating from a filtered solution of complexes 1‒8, mixed 
with the IL [Bmim][PF6] in a 4-to-1 molar ratio. For complexes 2 and 4, a 2 
wt.% of PMMA (with respect to the other components of the light-emitting 
layer) was added to improve the film coverage and homogeneity of the layer. 
After the active layer deposition, a 70 nm thick film of aluminium was 
thermally evaporated to finish the device. As mentioned before, the IL was 
added to reduce the ton defined as the time to reach a luminance of 50 or 100 cd 
m‒2 (t50 or t100) and to increase the performance of the devices.76 
As mentioned earlier, the operation of the device under pulsed-current 
driving shows better device performance than under the typical constant-
voltage driving. Therefore, in this study LECs 1‒8 were evaluated using a 
pulsed-current driving, consisting of a block wave at a 1000 Hz frequency with 
a duty cycle of 50% and an average current density of 100 A m‒2 for LECs 1‒
6. LEC 1 was also evaluated at different average current densities of 300, 700, 
1250, and 1500 A m‒2. A current density of 400 A m‒2 was used for LECs 7 and 
8.  
The electroluminescence (EL) spectra of LECs 1‒8 are shown in Figure 
9. LECs 1‒6 and 8 are red-emitting devices (Figure 9a) (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥  centred at 636, 
642, 651, 648, 655 and 598 nm for LECs 1‒6, respectively, and 661 nm for 
LEC 8), whereas LEC 7 emits in the near-infrared region (Figure 9b) 
(𝝀𝒆𝒎,𝑬𝑳
𝒎𝒂𝒙  centred at 705 nm). The Commision Internationale de l’Eclairage 
coordinates (CIE coord.) for LECs 1‒6 and 8 were determined from the 
electroluminescence spectra and are collected in Table 2. The EL spectra for 
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LECs 1, 2, 3, 5, 7 and 8 are similar to the solid-state PL spectra indicative of 
the similar excited states being involved in the light emission process. LEC 4 
shows a red-shift of 22 nm (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥 = 648 nm) and LEC 6 has a blue-shift of 27 
nm (𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥 = 598 nm), for reasons currently not yet understood. These 
electroluminescence spectra are very interesting because, up to now, red and 
deep-red emitting LECs based on cyclometalated [Ir(C^N)2(N^N)]+ complexes 
are scarce and only few pure-red LECs have been reported. The colour of 
device 3 CIE coord. (0.64, 0.35) and LECs 5 and 8, both with CIE coord. (0.65, 
0.34), essentially coincide with the pure-red CIE coord. (0.66, 0.33). 
 
Figure 9. Electroluminescence spectra of a) LECs 1‒6 and 8 driven at an average pulsed-current 
density of 100 A m‒2 for 1‒6 and 400 A m‒2 for 8 and b) LEC 7 driven at an average pulsed-
current density of 400 A m‒2. (1000 Hz, 50% duty cycle, block wave). 
The luminance and operating average voltage versus time dependence 
of LECs 1‒6 driven at the average current density of 100 A m‒2 and of LECs 7 
and 8 driven at 400 A m‒2 are shown in Figure 10. The key parameters that 
represent the performances of LECs 1‒8 are summarized in Table 2. All LECs 
present the typical behaviour under pulsed-current mode operation. The 
luminance rises while the operating voltage rapidly diminishes because the 
ionic motion over operation decreases the electrical resistance and start to grow 
the p- and n- doped regions in the active layer. Once the maximum luminance 
is attained, the luminance starts to decrease and the operating average voltage 
remains constant. 




















































Figure 10. Left: Time-dependent luminance or irradiance. Right: Time-dependent operating 
average voltage. a) LECs 1‒6, b) LEC 7 and c) LEC 8. Devices operated under an average pulsed-
current density of 100 A m‒2 in a) and 400 A m‒2 in b) and c). (1000 Hz, 50% duty cycle, block 
wave). 
LEC 1 exhibits a maximum luminance (Lmax) of 77 cd m‒2 reached after 
54 h (tmax) under operation and a device lifetime (t1/2) exceeding 1000 h 
(estimated by extrapolation from the time-dependent luminance curve, Figure 
10a). The long time required for reaching the maximum luminance together 
with the long device lifetime obtained in LEC 1, imply that the ionic movement 
in the device and the growing of the doped zones is slow. LEC 2 containing the 
complex with the tert-butyl group in the pyridyl ring (see Figure 7) shows the 
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highest maximum luminance value of the series with 200 cd m‒2 (tmax at 870 h) 
and a further enhanced device stability exceeding 6000 h compared to LEC 1 
(t1/2 > 1000 h) becoming the best device of the series and the most stable red-
emitting LEC reported up-to-date. For the extrapolation of the device lifetime 
of LEC 2, an extended time-dependent luminance graph is depicted in Figure 
11. The turn-on time (t50) of LECs 1 (4.6 h) and 2 (4.3 h) are similar, but the 
luminance in LEC 2 continues to increase over a long time indicating that the 
optimum charge injection and charge balance are slowly obtained. This could 
indicate that the slow ionic motion leads to a very slow growing over time of 
the doped zones becoming beneficial for the device lifetime.124-125 The higher 
luminance obtained for LEC 2 is due to the higher thin-film PLQY measured 
for complex 2 (17.6%) compared with complex 1 (11%) (see Table 1).  
Table 2. Device performance parameters and electroluminescence data obtained for LECs 1‒8 

























1 77 4.6 54 >1000* 0.70 636 0.63, 0.37 
2 200 4.3 870 >6000* 2.00 642 0.63, 0.37 
3 119 0.2 63 >4500* 1.49 651 0.64, 0.35 
4 91 1.3 18 63* 1.04 648 0.62, 0.37 
5 9  4.8 >150* 0.14 655 0.65, 0.34 
6 97 0.2 0.84 9 0.55 598 0.59, 0.41 
400 
7 262#  0.8 80 0.37 705  
8 59   0.24 0.23 661 0.65, 0,34 
 aAverage pulsed-current density. bMaximum luminance reached. cTime to reach 50 cd m‒2 
luminance. dTime to reach the maximum light emission. eTime to reach one-half of the maximum 
light emission. fMaximum external quantum efficiency reached. gThe Commission Internationale 
de l’Eclairage (CIE) colour coordinates. #This value is expressed in μW cm‒2 since the EL signal 
is partially out of the visible spectrum. *Extrapolated values. 
LEC 3 incorporating the complex with the pendant phenyl group 
attached to the N^N ligand also shows a higher luminance (Lmax = 119 cd m‒2 
at 63 h) and a longer lifetime (t1/2> 4500 h) than LEC 1 (Lmax = 77 cd m‒2, t1/2 > 
1000 h) although its thin-film PLQY is lower (complex 3 = 9.7%, complex 1 = 
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11%). However, when the size of the substituents is increased beyond that of 
complex 3, as in complexes 4 and 5, the corresponding LECs have a 
significantly reduced stability, and the device lifetime decay on a timescale of 
tens of hours. The replacement of the sulphur heteroatom in the benzothiazole 
unit (LEC 1) by an oxygen heteroatom in the benzoxazole unit (LEC 6) leads 
to similar luminance (Lmax = 77 and 97 cd m‒2, respectively), but produces a 
detrimental effect in terms of device stability with a decrease from exceeding 
1000 h for LEC 1 to 150 h for LEC 6. Generally, the time to reach the maximum 
luminance (tmax) and the t50 for LECs 4‒6 are almost four times faster than for 
LECs 1‒3, which support the hypothesis that the device lifetime is mainly 
affected by the growth of the doped zones, which increases the quenching of 
excitons. 
LEC 7 was deposited from a solution of the complex in methyl ethyl 
ketone/anisol 3:2. The device did not emit light under pulsed-driving operation 
most likely related to the poorer film quality of complex 7 resulting from its 
low solubility. Then, a different solvent (dichloromethane) was used to improve 
the solubility of the complex, which led to uniform layers completely covering 
the substrates after spin-coating. Under pulsed-driving operation at an average 
current density of 400 A m‒2, LEC 7 exhibits a maximum irradiance (Imax) of 
262 μW cm‒2 and a device lifetime (t1/2) of 80 h (Figure 10b). Under the same 
driving conditions, LEC 8 shows a maximum luminance (Lmax) of 59 cd m‒2 
and the device stability (t1/2) is considerably reduced to 0.24 h (Figure 10c). The 
presence of the annulated benzenes in the ancillary ligand (LEC 7) seems to be 
beneficial for device stability. The presence of the larger cation in complex 7 
compared to complex 8 (see Figure 7) reduces the ionic movement in the active 
layer during operation, which decreases the exciton quenching and increases 
the device lifetime. tmax is significantly longer for LEC 7 (0.8 h) than for LEC 
8 (< 5 s), also indicative of the slower ionic movement in LEC 7 compared to 
LEC 8. As mentioned above, the device stability is a result of the stable 
luminance resulting from the Ir-iTMC and the pulsed-current driving approach.  
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Figure 11. Extended graph of the time-dependent luminance of LECs 1‒3 operated under an 
averaged pulsed-current density of 100 A m‒2. (1000 Hz, 50% duty cycle, block wave). 
In view of the red and deep-red emission wavelength, the device 
efficiency expressed as current efficiency is not adequate due to the emission 
wavelength, which is only in part visible to the human eye. Therefore, the 
device efficiency is better to be expressed in terms of the EQEEL. The EQEEL 
values of LECs 1‒8 are presented in Table 2. The maximum EQEEL calculated 
from equation (1) that can be obtained with a thin-film PLQY of 11% (complex 
1) without special outcoupling structures is roughly 2.4%. Experimentally, 
under 100 A m‒2 operation, a maximum EQEEL of 0.70% for LEC 1 was 
obtained. However, due to the higher luminance achieved for LECs 2 and 3, the 
maximum experimental EQEEL values for LECs 2 and 3 were 2.00 and 1.49%, 
respectively. LEC 4 reached an EQEEL of 1.04%, whereas LECs 5 and 6 have 
EQEEL values of 0.14 and 0.55%, respectively. At 400 A m‒2, LEC 7 exhibits 
an improved EQEEL (0.37%) compared to that based on 8 (0.23%). Considering 
the low thin-film PLQY of complex 7 (5%) and the high current density applied 
(up to 400 A m‒2) the achieved efficiency for LEC 7 is noticeable.  
To the best of our knowledge, the most efficient red-emitting LEC led 
to a champion peak EQEEL of 9.51%.93 Few examples of near-infrared emitting 
LECs exhibiting low EQEEL values (EQEEL < 0.1%)58 have been reported due 
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to the EGL. An EQEEL value of 1% has now been overcome for near-infrared 
emitting LECs using host:guest systems or tandem devices with cationic 
iTMCs.114, 126-127  
As commented before, the best way to attain stable devices is to use a 
pulsed-current driving and, to the best of our knowledge, the best device 
lifetime for red-emitting LECs has been reported with a device lifetime of 280 
h.102 Therefore, the LECs 1‒3 studied in this thesis show stabilities ranging 
from 4 to 20 times longer than those reported previously. These high lifetime 
values are exceptional and are only comparable to those obtained for a very few 
orange emitting LECs operated under the same driving conditions.128 The 
performance of LECs 1‒3 are limited by the moderate luminance and the rather 
slow response. This performance is dependent on the applied current and 
directly related to the device stability. For further understanding on the device 
stability, LEC 1 was driven at higher current densities that permits to study the 
device degradation in accelerated conditions due to the higher stress that the 
device is subjected to. LEC 1 was selected for this more in-depth analysis due 
to its good performing characteristics and its simplest chemical structure. 
Moreover, complex 1 was obtained in sufficient large quantities to prepare a 
number of devices to be operated under increasing average current densities.  
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Figure 12. Luminance versus time of LEC 1 operated under different average pulsed-current 
densities from 300 to 1500 A m‒2 (1000 Hz, 50% duty cycle, block wave). 
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The luminance versus time measured for LEC 1 operated using pulsed-
current densities of 300, 700, 1250, and 1500 A m‒2 (block wave, 1000 Hz, and 
50% duty cycle) are shown in Figure 12. At high driving currents, the 
luminance decay slowly and, surprisingly, it does not depend very strongly on 
the applied current density. As mentioned before, a strong dependency of the 
device lifetime on the current density is normally observed in 
electroluminescent devices. There is virtually no luminance decay over the first 
100 h when driving LEC 1 under the pulsed conditions at average current 
densities of 300 and 700 A m‒2, and only a moderate decrease of approximately 
10% is observed when the average current density is set at 1250 and 1500 A m‒
2 after 100 h. The quasi steady-state luminance that is reached at each current 
density increases linearly in the range from 100 to 700 A m‒2 (the luminance 
curve for 100 A m‒2 is not depicted for clarity), whereas at higher applied 
current densities the luminance values still increase but less than linearly. This 
linear dependence has been previously observed in LECs under pulsed-current 
driving at very low current densities.129 However, this linearity is not usually 
observed at high current densities, which indicates that there is little exciton-
exciton or exciton-polaron quenching up to high current densities of 700 A m‒
2. Moreover, the luminance intensity can be tuned from 77 to exceeding 1250 
cd m‒2 by the current density applied.  
The time to reach the maximum luminance (tmax) and the time to reach 
100 cd m‒2 (t100) are also affected by the applied current density. Interestingly, 
t100 is substantially reduced to the second scale, from 500 s at 300 A m‒2 to 5 s 
at 1500 A m‒2 (Figure 13). For lower current densities, the maximum luminance 
takes longer to be achieved. This is related to the voltage that is applied, which 




Figure 13. Time to reach 100 cd m‒2 (t100) versus applied current density for LEC 1. (1000 Hz, 
50% duty cycle, block wave). 
2.2.4. Conclusions 
The thin-film photophysical and electroluminescent properties of 
complexes 1‒8 were characterized and analysed and the results have been 
presented and discussed in this chapter.  
Complexes 1‒6 were synthesized and characterized by Dr. Cathrin D. 
Ertl at the University of Basel and complexes 7 and 8 were synthesized and 
characterized by Dr. Amlan K. Pal at the University of St. Andrews. The 
complexes are based on the [Ir(ppy)2(btzpy)][PF6] complex having 2-
phenylpyridinate (ppy−) as the C^N cyclometalated ligand and 2-(pyridin-2-
yl)benzo[d]thiazole (btzpy) as the N^N ancillary ligand. 
The thin-film photophysical properties of complexes 1‒8 show 
photoluminescent emission in the red – near-infrared region with maximum 
emission wavelength ranging from 625 nm to 707 nm. The PLQY values of the 
series are low (<18%) due to the energy gap law.100-101 
All complexes were incorporated into light-emitting electrochemical 
cells (LECs) as single emitters to study their electroluminescent properties. 
LECs 1‒6 and 8 shows red emission, whereas LEC 7 present infrared emission. 
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The colour of devices 3, 5 and 8 essentially coincide with the pure red CIE 
coordinate (0.66, 0.33). 
Although the maximum luminance presents a moderate value for LECs 
1‒3, up to 200 cd m‒2 for LEC 2, they exhibit lifetimes in excess of 1000, 6000 
and 4000 h, respectively, becoming the most stable red-emitting LECs reported 
up-to-date. 
The EQEEL values obtained are moderate with a highest EQEEL value 
of 2% for LEC 2. However, the relatively high EQEEL of 0.37% for the near-
infrared LEC 7 is impressive due to its low thin-film PLQY value of 5% and 
the high current density applied (up to 400 A m‒2). 
The possibility of tuning the luminance levels has been demonstrated, 
having a fast response with almost no lost in device stability, by increasing the 
average current density applied from 100 A m‒2 to 1500 A m‒2. This proves that 
these complexes are highly interesting to be further explored in lighting devices 
and that they constitute a step forward in the demand for red-light applications.  
2.2.5. Contributions of the author 
Article 1. Ertl, C. D.;‡ Momblona, C.;‡ Pertegás, A.; Junquera-Hernández, J. 
M.; La-Placa, M.-G.; Prescimone, A.; Ortí, E.; Housecroft, C. E.; Constable, E. 
C.; Bolink, H. J., Highly stable red-light-emitting electrochemical cells. 
Journal of the American Chemical Society 2017, 139 (8), 3237-3248. (‡ equally 
contributed). (IF: 13.858, Q1). 
Article 2. Pal, A. K.; Cordes, D. B.; Slawin, A. M. Z.; Momblona, C.; Pertegás, 
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Metal halide perovskites have emerged as revolutionary optoelectronic 
semiconductors, and are promising materials for applications such as 
photovoltaics, light-emitting diodes, photodetectors or lasers, among others.130-
134 The rapid evolution of the certified efficiency of perovskite solar cells 
(PSCs) exceeding 22%135 and the low cost of the perovskite precursors and 
processing methods make these devices appealing for commercialization. 
Devices with a similar architecture have led to very efficient light-emitting 
diodes (LEDs) reaching external quantum efficiencies exceeding 13%,136 
further increasing their market prospects. 
The unique and superior optical and electrical properties of the organic-
inorganic (hybrid) perovskites establish them as excellent candidate for 
absorbers/emitters and charge transport materials. These properties are: high 
optical absorption coefficient with sharp onset,137 ambipolar conduction with 
balanced electron and hole mobilities,138 long photogenerated carrier diffusion 
lengths and lifetimes,139-141 low trap densities142 and low exciton binding 
energies.143-145 
3.1.1. Metal halide perovskites 
Crystal structure 
The exceptional tuning that offers their structure enables metal halide 
perovskites to possess zero- (OD), one- (1D), two- and quasi-two- (2D), and 
three- (3D) dimensional structures.146-148 This thesis focuses on the study of 3D 
perovskites.  
3D metal halide perovskites are a family of bulk materials that can be 
described with the general formula ABX3. This crystal structure (Figure 14) 
consists of a framework of corner-sharing metal halide (BX6) octahedra that 
extend in the three dimensions, with small cations (A) fitting into the void 
spaces between the octahedra. In the archetype organic-inorganic perovskite, A 
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is an organic (methylammonium (CH3NH3+ or MA+) or formamidinium 
(NH2CH=NH2+ or FA+)) or inorganic monovalent cation (cesium Cs+), B is a 
divalent cation (Pb2+ or Sn2+ or to a less extent Ge2+) and X is a halide (Cl‒, Br‒
, I‒).148-150  
These materials are known for more than a century and have been 
studied extensively in the 1990’s in transistor applications.151 Most of the 
perovskite materials that were studied in the previous century were prepared as 
small crystals that were used to determine their structural, chemical and optical 
properties. Only a rather small number of these materials were processed into 
thin films which explains the un-noticed photovoltaic properties up to recently. 
 
 
Figure 14. Crystal structure of ABX3 3D-perovskite. Pb are placed at the centre of the grey 
octahedrons, lavender spheres represent iodine atoms and green spheres represent the 
methylammonium cations. Adapted from reference 152. 
 
The empirical index Goldschmidt tolerance factor (t),153 typically used 
for oxide and sulphide-based perovskites, is a measure of the fit of the A-site 
cation to the cubic corner-sharing octahedral network, where the lattice is 
treated as an array of close-packed spheres. This predicts the stable crystal 




   (3) 
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Where rA, rB and rX are the ionic radii of A, B and X, respectively. With t values 
between 0.8 and 1.0, the formation of a cubic perovskite structure is favourable. 
Values of the tolerance factor larger than 1 or smaller than 0.8 usually result in 
nonperovskite structures. More refined models have also been proposed that 
take into account other space-filling considerations enabling a better prediction 
for the specific case of organic-inorganic metal halide perovskites.154-157  
The prototypical perovskite photovoltaic absorber methylammonium 
lead iodide (MAPbI3) has three crystal structures depending on the 
temperature:158 an orthorhombic Pnma phase below 160 K, a tetragonal I4/mcm 
phase from 160 to 330 K and a cubic Pm-3m phase above 330 K. These 
transitions need to be considered because they may alter the electronic band 
structure and ultimately the optoelectronic properties of the material.150, 159  
Electronic structure 
The electronic structure presents similar characteristics for all metal 
halide perovskites. The valence band (VB) consists of admixed np6 (n is the 
principal quantum number, Cl: n = 3, Br n = 4, I n = 5) and ns2 orbitals from 
the metal (Ge: n = 4, Sn n = 5, Pb n = 6) whereas the conduction band (CB) 
consists of the empty np6 orbitals from the metal. The electronic states of the 
organic or inorganic cation in the A-site of the perovskite structure lie far away 
from the VB and CB and provide no direct electronic contribution near the band 
gap.160-162 Qualitatively, the band structure is almost material independent 
(excluding differences in the band gap) and it is strongly dependent on the 
symmetry the perovskite adopts.  
All the perovskites are direct band gap semiconductors,163-164 leading to 






The large absorption coefficients 140, 165 reported in the order of 104‒105 
cm‒1 are a consequence of the direct band gap transition. The sharp absorption 
onset demonstrates the high quality of the material without the presence of 
imperfections or defects typically observed as a tail in the absorption onset.166 
Moreover, the absorption spectra provides information about the nature of 
photogeneration: excitonic materials often exhibit a characteristic excitonic 
peak that distinguishes them from band-like materials.  
The band gap of metal halide perovskites can be tuned over a range 
spanning the near-infrared to near-ultraviolet wavelengths by simple 
compositional substitution of the three lattice positions: A, B or/and X sites.167 
As the electronic structure is determined by the inorganic framework, the halide 
substitution has a strong effect on the VB of the perovskite and the band gap. 
In contrast, the replacement of MA with FA makes only a slight change to the 
band gap. 
The prototypical perovskite MAPbI3 has a band gap located between 
1.5 and 1.6 eV.168 The replacement of the A cation of MA+ for FA+ in MAPbI3 
decreases the band gap from 1.55 (pure MA+) to 1.47 eV (pure FA+),169 whereas 
the substitution of the B cation of Pb2+ by Sn2+ decreases the band gap to 1.2 
eV.150, 170-172 Alternatives for the toxic Pb2+ and eco-toxic Sn2+ while 
maintaining the low direct band gaps of the resulting perovskites are not easy 
to find. When the iodine in MAPbI3 is replaced with a halide with a smaller 
ionic size (Br‒ and Cl‒), the band gap is increased (2.3 eV for MAPbBr3 and 3.1 
eV for MAPbCl3).173 The organic cation substitution is hard to determine 
because they occupy the same crystallographic site and the effects are only 
observed indirectly by the induced distortion of the inorganic lattice.174-175 
Therefore, perovskite benefit from spectral tuning making them suitable for the 





Knowledge of the perovskite’s electrical properties such as the charge 
carrier mobilities, diffusion lengths and lifetimes, as well as the nature of the 
photogenerated species, are crucial for the fabrication of optoelectronic 
devices.  
The charge carrier mobility, µ, describes the ability of electrons and 
holes to move within a semiconductor under an applied field. The mobility 
depends on the morphology and on the material composition. Mobilities 
exceeding 10 cm2 V‒1 s‒2 have been measured in perovskite films.138, 141, 177-178 
The charge carrier diffusion length is another characteristic that 
describes the charge transport ability of a material. It describes the motion of 
charges by diffusion from regions of high carrier population in the 
semiconductor to areas with lower populations. Charge carrier diffusion lengths 
ranging from 0.1 µm to exceeding 10 µm have been reported for perovskites 
depending on their composition and thin film morphology.139-140, 177, 179-182 
The carrier lifetime (t) is the time that the charges take to recombine 
under non thermodynamic equilibrium situation, such as under photoexcitation. 
Carrier lifetime is related to the diffusion length and to the number of traps 
within the semiconductor. Therefore, it is often used to assess the quality of 
materials. Carrier lifetimes in excess of 1 µs have been reported for perovskite 
films, demonstrating the low amount of charge transport affecting defects in 
these films (t is directly dependent on the defects).139  
After light absorption, the primary photogenerated species presented in 
the absorber are excitons (bound electron-hole pairs). It is vital to understand if 
these excitons will remain in the material or will dissociate to give rise to free 





3.1.2. Processing of perovskite films 
A variety of processing routes have been reported employing solution 
or vacuum-based deposition techniques or a combination of both. Although 
analysis a posteriori suggests that the compound is exactly the same in all cases, 
as mentioned above, the properties of the films vary significantly depending on 
the deposition method used. The differences are so relevant that the motto 
“same compound, different material”183 can be applied to perovskites. 
Therefore, a precise description of the preparation method is essential for a 
better understanding of the materials. In addition, the environmental conditions 
(vacuum, dry nitrogen, dry air or humid air) during deposition and annealing 
will influence the perovskite layer and hence its properties. 
Solution-based deposition methods 
For solution-based processing the perovskite precursors are dissolved 
in an organic solvent and deposited using coating or printing methods, such as 
spin-, dipping- or doctor blade- coating and gravure coating.184 
Spin-coating is the most popular method for small-area perovskite 
deposition in the photovoltaic academic community. In brief, a small amount 
of precursor solution in a volatile solvent is added on the centre of the substrate 
and is rotated at high speed. The material is spread by centrifugal force and the 
solvent is simultaneously evaporated during the high-speed rotation. After 
rotation a semi-dry film with a uniform thickness is obtained.  
The solution-based deposition methods using spin-coating can be 
grouped into two main categories: one- and two-step solution deposition.  
 One-step solution deposition 
The perovskite film is directly deposited from solution of the precursors 
in polar and high-boiling solvents, such as γ-butyrolactone (GBL),185 
dimethylformamide (DMF)186 and dimethylsulfoxide (DMSO).187-188 The 
perovskite is deposited by spin-coating of the precursor solution followed by a 
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post-annealing treatment.189-191 The layers processed by this method are not 
homogeneous due to uncontrolled crystal growth and therefore have a high 
roughness. In order to improve the homogeneity, the use of several additives 
have been explored to enhance the quality of the layer, such as 
methylammonium chloride (MACl),192 HI179 or HBr/H2O,193 I2,194 NH4Cl,195 
1,8-diiodooctane,196 or phosphonic acid ammonium.197 Another approach to 
improve the quality of the perovskite layer is the addition of a solvent that does 
not dissolve the perovskite film (e.g. toluene, diethyl ether, chlorobenzene, 
benzene or xylene) during the last few seconds of the spin process. High-quality 
perovskite films with smooth morphology and large grains are obtained by this 
method, generally referred to as solvent exchange or solvent engineering.198-200  
 Two-step solution deposition  
In this method, first a PbI2 layer is spin-coated and subsequently 
converted into a perovskite by dipping/spin-coating of the methylammonium 
iodide (MAI) solution.201-202 Therefore, the MAI has to intercalate into the solid 
PbI2 layer in a heterogeneous reaction. The morphology of the final perovskite 
film is determined by the morphology of the PbI2 film and the reaction rate is 
determined by the diffusion of MAI into the PbI2 lattice.  
 Vapour-assisted solution deposition  
This method differs from the two-step solution deposition method in 
the incorporation of MAI through a vapour deposition technique. Although the 
perovskite films present uniform surface coverage, large grain size and full 
conversion, the process is less rapid and the highest efficiency obtained is only 
12%.203-204 
Vacuum-based deposition methods 
In vacuum- or vapour-based deposition the perovskite precursors are 
placed separately in ceramic crucibles that are positioned in temperature 
controlled heating sources (see Figure 15). After reducing the pressure in the 
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chamber to a base pressure of 1 × 10‒5 – 1 × 10‒6 mbar, they are heated to their 
corresponding sublimation temperatures. To monitor the nominal thickness of 
the film, a quartz crystal microbalance (QCM) sensor is employed. The QCM 
consists of a thin quartz crystal sandwiched between two metal electrodes. An 
alternating electric field is applied across the crystal, causing vibrational motion 
of the crystal at its resonant frequency. Mass changes deposited in the crystal 
surface can be monitored due to the change in its oscillation frequency. 
 
Figure 15. Schematic representation of a vacuum chamber with two thermal sources.  
Prior to perovskite deposition, an initial calibration of each precursor 
material is performed to determine the tooling factor. The tooling factor is a 
correction for the difference in material deposited on the substrate versus the 
QCM due to the different source-to-substrate and source-to-QCM distance. A 
film of the corresponding material is deposited on a flat substrate recording the 
nominal thickness measured by the QCM with a previous tooling factor value 
(Tooling1). This nominal thickness is then compared to the real thickness 
determined using another technique, such as AFM, surface profilometry or 
cross-section SEM. The linear relationship provides the new tooling factor of 
the evaporation system (Tooling 2).  
𝑇𝑜𝑜𝑙𝑖𝑛𝑔2 = 𝑇𝑜𝑜𝑙𝑖𝑛𝑔1 ·  
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑐𝑡𝑢𝑎𝑙
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑄𝐶𝑀
    (4) 
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For a correct calibration, the material density (ρ), the acoustic 
impedance (or Z-ratio), and the tooling factor are required for the determination 
of the thickness and evaporation rate (measured in Å s‒1) of the material being 
sublimated. The stoichiometry (chemical composition) of the deposited film is 
controlled by the ratio of the evaporation rates of the precursors, whereas the 
morphology of the deposited film can be controlled by the overall evaporation 
rate used.  
The substrates are placed above the thermal sources (see Figure 15) and 
are hold at room-temperature during perovskite deposition. This makes this 
deposition method compatible with plastic substrates. 
The first deposition of thermally evaporated perovskite was 
demonstrated by Era et al. using dual source thermal evaporation.205 In 2013, 
Snaith et al.206 and Bolink et al.152 prepared the first planar MAPbI3−xClx and 
MAPbI3 perovskite solar cells, respectively, by dual-source thermal 
evaporation with an efficiency that exceeded 15%. The former reported a direct 
comparison between solution- and vacuum-deposited perovskite. In that study, 
the vacuum-deposited film showed a full coverage, extremely uniform and 
crystalline with crystal sizes of hundreds of nanometers, whereas the solution-
processed film exhibited large variations in film thickness. In both cases, the 
diffraction pattern was identical, indicating that both techniques generated a 
similar perovskite.206 Bolink et al.152 implemented the perovskite layer between 
organic layers avoiding the high temperature required for sintering metal oxides 
(Al2O3, TiO2 or ZrO2). In both cases, the perovskite films are extremely uniform 
and pinhole-free.  
Currently, vacuum-deposited solar cells have reached efficiencies 
exceeding 20%, demonstrating the promise for real applications.215-217 
Other vapour-based deposition techniques, such as closed space vapour 
transport (CSVT),207 chemical vapour deposition (CVD),208-209 flash 
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evaporation,210-212 or atomic layer deposition (ALD),213-214 have been employed 
to prepare perovskite thin films used to built up photovoltaic devices. 
Vacuum-deposition techniques have the following benefits: 
i. intrinsic purity of sublimed materials, 
ii. fine control over film thickness, stoichiometry and morphology, 
iii. compatibility with large areas, 
iv. intrinsically additive: multilayer devices can be fabricated without 
chemical modifications of the underlying layers or the use of 
orthogonal solvents, 
v. low substrate-fabrication temperature: compatible with plastic 
electronics and with inorganic solar cells in the form of tandem devices, 
vi. avoid of toxic solvents, 
vii. use of a consolidated technique widely adopted in the coating and 
semiconductor industry, such as organic light-emitting diodes 
(OLEDs), being mass produced in the form of fully evaporated devices.  
3.1.3. Basic principles of the operation of solar cells 
The operation of solar cells is determined by three processes: light 
harvesting, charge separation and charge transport and collection. 
Light harvesting 
A good light absorber material should have a direct band gap and high 
absorption coefficient. The band gap is determined by the composition of the 
semiconductor and the absorption coefficient depends on the material and on 
the wavelength of the light that is being absorbed. A semiconductor can only 
absorb photons whose energy is equal or higher than its band gap Eg. Photons 
with higher energy than Eg can excite electrons to energy levels above the 
conduction band (CB) and these electrons rapidly relax to the CB by releasing 





The photogenerated electron and hole must be dissociated to avoid 
recombination. Depending on the permittivity of the material, the charges will 
be attracted forming an exciton or free carriers. The degree of binding is 
determined by the exciton binding energy (Eb). Low exciton Eb (lower than the 
thermal energy at room temperature (kT = 26 meV)) are beneficial for having 
free electrons and holes that will contribute to the photocurrent. A broad range 
of low Eb values, from 2 meV to 62 meV at room temperature have been 
experimentally obtained for MAPbI3. However, it is widely accepted that the 
species generated after photoexcitation in MAPbI3 are free charges. The 
progression in the halide series from iodide to chlorine increases the Eb.218-219  
Charge transport and collection 
Once the charges are dissociated, the charges move within the 
semiconductor. To direct the flow of electrons and holes to the respective 
electrodes, a p-n junction formed by joining n-type and p-type semiconductor 
materials or using charge selective layers (or charge transport layers) adjacent 
to the absorber are two different strategies. In this thesis, we will employ the 
latter one. The charge selective layers block one type of charges and transport 
the other one. Due to this fact, the layers are also referred as charge selective or 
extracting layers. These layers are fabricated with electron-blocking (hole 
transporting) and hole-blocking (electron transporting) materials, HTM and 
ETM, respectively. A schematic energy-level diagram with the absorber and 
the HTM and ETM is shown in Figure 16. The HOMO of the HTM and the 
LUMO of the ETM will be aligned with the VB and the CB of the absorber, 
respectively. This allows a good transport of holes and electrons, respectively. 
To block the electrons, the LUMO of the HTM is closer to vacuum compared 
with the CB of the absorber, and to block the holes, the HOMO of the ETM is 




Figure 16. Schematic energy-level diagram with absorber and adjacent selective charge layers 
with adequate energy alignment with the absorber. 
Despite the charges are directed towards the respective electrodes, charge 
recombination in the absorber occurs. Therefore, identifying the mechanism of 
recombination is important for increasing the device performance. The main 
types of mechanisms of recombination dominating in perovskites (Figure 17) 
are:220-221 
1. Monomolecular (or trap-assisted or trap-mediated) recombination 
This mechanism (Figure 17a) involves the capture of an electron or a hole in a 
specific trap state and subsequently the non-radiative recombination with a hole 
(or electron). These trap states are energetic states whose energy level is in the 
band gap of the perovskite, and arise from defects or impurities in the crystal 
structure. They can be shallow or deep states, being shallow traps the most 
predominant type in perovskite.178, 222-224 It is highly dependent on the material 
processing.  
2. Bimolecular recombination 
This mechanism (Figure 17b) occurs between electrons and holes from direct 
band-to-band electron-hole recombination, from the relaxed state conduction 
band minimum (CBM) of CB1 to the valence band minimum (VBM) of the 
VB1 (CBM → VBM) or states higher in the bands CB1 and VB1, respectively.  
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This can lead to emission of light, which can be re-absorbed by the material in 
a process called photon recycling. 
3. Auger recombination 
This mechanism (Figure 17c) involves at least three particles. The energy of an 
electron (or hole) is transferred to another electron (or hole) to allow non-
radiative recombination with a hole (or electron). This mechanism bears little 
importance for photovoltaic applications as it requires a high light intensity 
(only obtained when light is focussed and thus amplified in so-called 
concentrated solar cells).  
 
 
Figure 17. Schematic representation of the different recombination mechanisms active in 
perovskites. a) Trap-assisted recombination. b) Bimolecular recombination. c) Auger 
recombination. VB: valence band, CB: conduction band. Adapted from reference 221. 
3.1.4. Characterization of solar cells 
External quantum efficiency (EQEPV) or incident photon-to-electron 
conversion efficiency (IPCE) is the fraction of incident photons that are 
converted to electrical current as a function of wavelength, and internal 
quantum efficiency (IQE) is the fraction of absorbed photons that are converted 
to electrical current as a function of wavelength. EQEPV and IQE are related by 
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where R and T are the reflectance and transmittance of the solar cell, 
respectively. 
The efficiency of conversion of sun light into electrical power, also 
referred as power conversion efficiency (PCE or η), is defined as the ratio of 
the output electricity to the input energy of sunlight. In practice, the PCE of a 
solar cell is defined as the ratio of the maximum power output, Pmax, generated 
by the solar cell to the power input, Pin, based on the measurement of current 
density − voltage (J−V) curve (Figure 18).  









  (6) 
Where,  
 Jmpp and Vmpp are the current density and voltage at the maximum power 
point (mpp) 
 JSC is the short-circuit current density. The current density through the 
terminals when the cell is operated at short circuit (V = 0 V) 
 VOC is the open-circuit voltage. The voltage across the output terminals 
when the cell is operated at open circuit (J = 0 mA cm‒2) 
 FF is the fill factor and is defined as the ratio of the maximum power 
point to the product of the open-circuit voltage and the short-circuit 
current density. Graphically, is the ratio of the areas of the two 
rectangles defined by Jmpp and Vmpp and by JSC and VOC. 




Figure 18. Typical J−V characteristics of a solar cell. 
The VOC depends on the band gap of absorber and is determined by the 
energy difference of the quasi-Fermi levels that are generated upon absorption 
of photons in the semiconductor (at solar illumination, these levels are very 
close to the CB and VB, respectively). The JSC is a product of three aspects of 
efficiency: light harvesting, charge separation and charge collection.  
Depending on the conditions of the measurements, the J‒V curves 
exhibit hysteresis-like distortions between forward (negative to positive bias) 
and reverse (positive to negative bias) scans for some perovskite solar cells.225 
This is an undesired feature and complicates the analysis of the devices. The 
presence of hysteresis denotes that the device performance is strongly affected 
by the measurement method. The origin and the presence/absence of this 
hysteretic phenomena have been widely debated. Although several 
explanations have been proposed in terms of ion migration,226-227 charge 
trapping/detrapping228-229 or ferroelectric polarization,230 this issue is still under 
debate.  
The theoretical maximum power conversion efficiency attainable for a 
single junction solar cell depending on the band gap of the absorber is 
calculated in the detailed balance or Shockley - Queisser limit (Figure 19).231 
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These calculations were performed for a cell operated at 298.15 K (25 °C) and 
under illumination by an AM 1.5G spectral irradiance according to ASTM 
G173-03 standard. The sun spectrum was approximated by the emission of a 
black body with a surface temperature (TS) of 6000 K.  
They assumed that in an ideal solar cell the only recombination path 
which cannot be reduced to zero is the radiative recombination. For the 
generation of electron–hole pairs it was assumed that photons with an energy 
below the energy band gap do not interact with the solar cell, while photons 
with an energy above the band gap are converted into electron-hole pairs with 
a quantum efficiency of 100%. For a material with a band gap of ~1.5 eV 
(MAPbI3), a maximum theoretical efficiency of 31% can be attained.232-233  
















   AM 1.5G
 
Figure 19. The maximum power conversion efficiency for a solar cell operated at 298.15 K and 
illuminated with an AM 1.5 G spectral irradiance (ASTM 173-03) in accordance with standard 
solar test conditions as a function of the band gap energy. Graph depicted from tabulated data 
from reference 234. 
3.1.5. Perovskite solar cells 
In a single-junction perovskite solar cell, the perovskite film is typically 
sandwiched between thin layers of charge transport materials, which efficiently 
extract photogenerated charges from the perovskite layer (Figure 16). As 
mentioned before, these films are hole transport layer (HTL, p-type) and 
electron transport layer (ETL, n-type). Each contact offers a potential barrier to 
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selectively allow the transport of the corresponding charges to the electrodes. 
The HTL/ETL layer will allow the transport of holes/electrons, whereas 
electrons/holes will be blocked. The choice of the proper HTL and ETL will 
take into account the diffusivity, chemical reactivity and energetic levels 
matching with perovskite. 
Single junction PSCs architectures can be catalogued into two different 
categories depending on the sequence of functional layers in the device starting 
from the layer onto which light is incident, p-i-n or n-i-p (Figure 20).235 “p” and 
“n” are the hole and electron transport layers, respectively, and “i” is the 
perovskite layer. The p-i-n (or “inverted”) structure (Figure 20a and 20b) is 
derived from organic solar cells or organic photovoltaics (OPV), where 
traditionally uses PEDOT:PSS at the front as hole transport layer and PCBM in 
the back side of the device as electron transport layer. The n-i-p (or “regular”) 
structure (Figure 20c and 20d) has been transferred from dye sensitized solar 
cells (DSSC), where TiO2 is the front electron transport layer and spiro-
OMeTAD is the back hole transport layer. For both p-i-n and n-i-p 
configurations, the absorber layer is essentially intrinsic “i”.  
Moreover, two different types of perovskite solar cells have been 
reported: mesoscopic and planar. In the former, a mesoscopic metal oxide 
scaffold is used, such as titanium oxide (TiO2) or aluminium oxide (Al2O3) into 
which the perovskite is infiltrated (Figure 20a and 20d),236 whereas in the latter, 
a compact thin film of charge selective material is used (Figure 20b and 20c).  
 
Figure 20. Schematic layout of single-junction perovskite solar cells. a) Mesoscopic and b) planar 
p-i-n solar cells. c) Planar and d) mesoscopic n-i-p solar cells. TCO: transparent conductive oxide, 
































In few years, perovskite solar cells have reached efficiencies similar to 
crystalline silicon solar cells, whose efficiencies exceed 26%.237 Up to date, the 
most efficient certified perovskite solar cells exhibit 22.1% in small cells (0.09 
cm2),238 19.7% in a 1 cm2 cell238 and 12.1% in a 36.1 cm2 module239 as well as 
a perovskite/Si monolithic tandem with efficiency of 23.6%.240 In terms of 
flexible solar cells, an efficiency exceeding 18% in an area of 0.1 cm2 has been 
reported.241 Perovskite solar cells eliminate the problems of high-cost 
manufacturing, heavyweight and rigidity of conventional silicon solar cells. 
Moreover, easy of fabrication, variety of processing and low-cost of the 
perovskite precursors makes perovskite as a promising material for 
optoelectronic applications.  
However, the demonstration of highly efficient large-area devices and 
with flexible, lightweight substrates together with the toxicity and long-term 
stability are considerable concerns for their real applications. The transition to 
multi-component perovskite compounds with multi-cation/multi-halide 
composition has represented a breakthrough in device efficiency and 
stability.242-245 However, the replacement of lead by a non-toxic metal in 
perovskite solar cells is still a big challenge. These drawbacks open a new 
avenue for exploration of potentially low-toxic and long-term stable metal 





3.2. Improving light-harvesting efficiency in perovskite solar 
cells by effect of the absorber thickness 
3.2.1. Introduction 
Most of the perovskite solar cells that were reported in the first years 
after their emerging on the scene were using a mesoscopic metal-oxide 
electron-transport scaffold. These layers require a high-temperature processing 
and are therefore incompatible with plastic substrates.185, 246-249 Solar cells using 
a p-i-n (inverted) structure, where the perovskite was sandwiched between 
organic materials, avoiding the use of high temperature during device 
fabrication, are an alternative as reported by Bolink et al.152 In these devices, a 
MAPbI3 film was vacuum-deposited between thin layers of charge selective 
materials, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) 
(PEDOT:PSS) and poly(N,N’-bis(4-butylphenyl)-N,N’bis(phenyl)benzidine 
(polyTPD) as hole transport materials and (6,6)-phenyl C61-butyric acid methyl 
ester (PCBM) as the electron transport material. PolyTPD and PCBM were 
selected due to their ability to block electrons and holes, respectively, and the 
well aligned HOMO and LUMO energies with the VB and CB of the 
perovskite, respectively. The device exhibited an efficiency exceeding 12%, 
and showed hysteresis-free J‒V characteristics with a JSC of 16.12 mA cm‒2, a 
VOC of 1.05 V and a FF of 67%, with a rather thin (285 nm) perovskite absorber. 
In view of the good photovoltaic performance, an in-depth study of the 
photovoltaic efficiency by modifying the perovskite thickness was performed. 
This should lead to an increase in the photocurrent obtained if the charge carrier 
diffusion length is sufficiently long. If the diffusion length of one of the charge 
carriers is below the absorber layer thickness, charge recombination will occur 
limiting the achievable photocurrent and reducing the open circuit voltage.  
Depending on the type of perovskite and preparation method, very 
different charge diffusion lengths have been reported for MAPbI3, from 100 to 
1000 nm.139-140, 250 Assuming that the upper limit of 1 micrometer is valid, 
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thicknesses of the absorber layer reaching these values should be possible. Only 
a few studies on perovskite thickness dependence have been performed to 
determine the optimal thickness. These studies did not use perovskite films with 
thickness above 600 nm due to limitations in the perovskite fabrication via 
solution process251 or PbI2 vacuum-deposited and perovskite conversion after 
dipping in a CH3NH3I (MAI) solution.252 These studies reported optimum JSC 
at a perovskite layer thickness of ranging from 330 to 450 nm. One of the 
advantages of perovskite deposition by vacuum-deposition is the control over 
the layer thickness. Therefore, to extend the available layer thicknesses vacuum 
deposition was used to prepare perovskite layers with thicknesses ranging from 
160 to 900 nm. These layers were implemented into p-i-n solar cells and the 
photovoltaic response was evaluated. It was demonstrated that the JSC of the 
solar cells increases with increasing perovskite thickness up to 300 nm and 
more slowly for devices with 300 to 900 nm thick perovskite films. Due to the 
decrease of the FF for devices with perovskite layers exceeding 300 nm, the 
PCE is reduced for thicker devices. However, the partially oxidation of the 
polyTPD increasing its conductivity in cells with 900 nm perovskite thick film 
leads to the recovery of the FF and efficiency. Hence, similar efficiencies are 
reached with 300 nm than with 900 nm perovskite thin films. The maintenance 
of the efficiency demonstrates that with non-limiting organic layers, the solar 
cell performance is rather independent on perovskite layer thickness 
demonstrating that the charge carrier diffusion length is not limiting. 
3.2.2. Experimental and methodology 
Materials 
All the chemicals and solvents were used as received. Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS Clevios P VP Al 
4083, aqueous dispersion, 1.3–1.7% solid content) was purchased from 
Heraeus. Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine (polyTPD) 
and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) were purchased from 
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American Dye Source and Solenne B. V., respectively. PbI2, AgSbF6 and 
chlorobenzene were purchased from Sigma Aldrich. CH3NH3I was synthesized 
before each set of experiments following the procedure previously reported.253 
In brief, CH3NH3I was synthesized by reacting 26 mL of methylamine (40 wt.% 
in water, Sigma Aldrich) and 10 mL of hydroiodic acid (57 wt.% in water, 
Sigma Aldrich) in a 250 mL round-bottomed flask at 0 ºC for 2 h under 
magnetic stirring. The white precipitate was recovered by evaporation at 50 ºC 
for 1 h. The product was dissolved in ethanol (Sigma Aldrich), filtered and 
recrystallized from diethyl ether (Sigma Aldrich) and dried at 70ºC in an oven 
for 24 h. The photolithography-patterned indium tin oxide (ITO) (15 Ω □‒1) 
glass substrates were purchased from Naranjo Substrates 
(www.naranjosubstrates.com). 
Perovskite deposition 
The perovskite precursors (PbI2 and CH3NH3I) were contained in 
ceramic crucibles placed in CreaPhys evaporation sources and were heated to 
their corresponding sublimation temperature at a base pressure of 1 × 10‒6 mbar. 
The substrates were placed at 20 cm from the top of the ceramic crucibles 
(Figure 15). A shutter was present below the substrate holder, which was kept 
closed until the adequate PbI2:CH3NH3I ratio was achieved. The calibration of 
the evaporation rate for the CH3NH3I was found to be difficult due to non-
uniform layers and the soft nature of the material, which impeded accurate 
thickness measurements. Hence, the source temperature of the CH3NH3I was 
kept constant at 70 ºC and once the sensor reading was stable, PbI2 was heated. 
The PbI2:CH3NH3I ratio was controlled off line using grazing incident X-ray 
diffraction by adjusting the PbI2 deposition temperature. The optimum 
deposition temperatures were found to be 250 ºC for PbI2 and 70 ºC for 
CH3NH3I. The process was followed by three QCM sensors placed in the 
chamber, two for monitoring the thickness/evaporation rate of the perovskite 
precursors and one for monitoring the thickness/evaporation rate of the 
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perovskite deposition. Up to 5 substrates can be coated with the perovskite in 
one single co-evaporation step. 
Fabrication of perovskite solar cells 
In this work, vacuum-deposited MAPbI3 thin films were implemented 
into p-i-n solar cells with the following layout: 
ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au (Figure 21a) and 
ITO/PEDOT:PSS/doped-polyTPD/MAPbI3/PCBM/Au (Figure 21b).  
 
Figure 21. Scheme of the device layouts studied in this thesis a) 
ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au and b) ITO/PEDOT:PSS/doped-
polyTPD/MAPbI3/PCBM/Au. 
The solar cells were prepared as follows: the pre-patterned ITO 
substrates were subsequently cleaned by 5-minute sonication steps in water-
soap, water and 2-propanol baths, in that order. After drying, the substrates 
were placed in a UV-ozone cleaner (Jelight 42-220) for 20 minutes. A 80 nm 
thick film of PEDOT:PSS was spin-coated at 1200 rpm for 30 s onto the clean 
ITO substrates and thermally annealed at 150 ºC during 15 min. The 
PEDOT:PSS was added from a syringe and filtered with a polypropylene (PP) 
filter with a 0.45 μm pore size. This layer smoothens the ITO, increases the 
device yield and acts as hole transport layer. Then, a 20 nm thick film of 
polyTPD or doped-polyTPD was deposited from a chlorobenzene solution (7 
mg mL‒1) incorporating 0.05 molar % in AgSbF6 in the case of doped-polyTPD 
solution. Both of them were deposited from a syringe and filtered with a 


















rpm for 30 s. Then, the devices were transferred inside a vacuum chamber 
(MBRAUN) integrated into the inert atmosphere glovebox (<0.01 ppm O2 and 
<0.1 ppm H2O). Perovskite layers were vacuum-deposited with different 
thicknesses ranging from 210 to 900 nm. (See section of perovskite deposition 
for a more detailed procedure). After perovskite deposition, the samples were 
finished with 20 nm thick film of PCBM deposited using a meniscus coater and 
a coating speed of 2.5 mm s‒1. Finally, a film of 60 nm of gold was thermally 
evaporated as a top electrode using a shadow mask under vacuum (< 1 × 10‒6 
mbar) with an Edwards Auto500 evaporator integrated into the glovebox. The 
active area of the cells were 0.06 cm2 and typically 4 cells are present on each 
substrate. The devices were not encapsulated and were characterized inside the 
glovebox at room temperature. 
Characterization of perovskite solar cells 
Absorption measurements were done using a fibre optics based 
Avantes Avaspec 2048 spectrometer. All layer thickness was measured with a 
mechanical profilometer (Ambios XP1). The perovskite films were 
characterized by using grazing incidence X-ray diffraction (GIXRD) after its 
evaporation. The measurements were done at room temperature in the 2θ range 
5°–50° on an Empyrean PAN analytical powder diffractometer, using Cu Kαl 
radiation. Typically, four repeated measurements were collected and merged 
into a single diffractogram.  
Current density – voltage (J−V) curves and the EQEPV were recorded 
in a MiniSun simulator by ECN the Netherlands. The EQEPV was estimated 
using the cell response at different wavelength (measured with a white-light 
halogen lamp in combination with band-pass filters). During J−V 
measurements, the devices were illuminated by a white-light halogen lamp and 
using a mask overlaying the sample which only illuminated the active area of 
the cells. Before each measurement, the exact light intensity was determined 
using a calibrated Si reference diode equipped with an infrared cut-off filter 
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(KG-3, Schott). An estimation of the JSC under standard test conditions was 
calculated by convoluting the EQEPV spectrum with the AM1.5G reference 
spectrum, using the premise of a linear dependence of JSC on light intensity. 
The J−V curves were measured using a Keithley 2400 source measure unit. The 
scan was performed with steps of 0.01 V starting from −0.2 to 1.1 V with a time 
delay between each point set of 0.01 s. Light intensity dependence 
measurements were done by placing 0.1, 1, 10, 20, 50% neutral density filters 
(LOT-QuantumDesign GmbH) between the light source and the device. All the 
characterizations, except the UV-Vis absorption spectra, X-ray diffraction and 
profilometer measurements, were performed in a nitrogen-filled glovebox 
(<0.01 ppm O2 and <0.1 ppm H2O) without exposure to ambient.  
3.2.3. Results and discussion 
The optical properties and crystallinity of the vacuum-deposited 
MAPbI3 films with different thicknesses were characterized to evaluate their 
suitability as light absorbers prior to their implementation into solar cells. The 
percent absorption of the perovskite films with different thicknesses deposited 
on glass are depicted in Figure 22.  
 
Figure 22. Percent absorption spectra of vacuum-deposited MAPbI3 films with thicknesses 
ranging from 160 to 900 nm.  
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All films showed an absorption onset at 790 nm, in good agreement 
with the band gap value of ~1.5 eV reported for MAPbI3.170, 254-255 The 
absorption in percentage increases almost linearly with the perovskite film 
thickness. Notably, a single pass of the light (at 760 nm) through the thinner 
film of the series (210 nm) leads to more than 30% absorption whereas the 
thicker film (900 nm) absorbs almost 90%. 
 
Figure 23. X-ray diffraction patterns of perovskite layers with different layer thicknesses.  
The X-ray diffraction patterns of perovskite layers from 210 to 900 nm 
are depicted in Figure 23. The typical peaks corresponding to the MAPbI3 
perovskite tetragonal structure appears at 2θ values of 14.1, 28.4, 31.9, 40.6 and 
43.2° assigned to the (110), (220), (310), (224) and (330) planes, respectively. 
Minor peaks also appear at 2θ values of 19.9, 23.5, 24.5 and 34.9° related to the 
(200), (211), (202) and (312) planes. However, slight variation in the diffraction 
patterns between different perovskite films are observed. Nowadays, it is 
known that the perovskite is tolerant to slight compositional variations.256-257 
Therefore, given the good properties of the vacuum-deposited perovskite thin 
films, they were implemented into p-i-n solar cells. 










A set of p-i-n solar cells with the layout 
ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au were fabricated (see Figure 
21a). In brief, 80 nm thick film of PEDOT:PSS and 20 nm thick film of 
polyTPD were spin-coated on top of a pre-patterned ITO contact. In the 
following, the MAPbI3 perovskite layer was vacuum-deposited with 
thicknesses ranging from 210 to 900 nm. On top of the perovskite layers, a layer 
of 20 nm of PCBM was deposited and the devices were finished by thermally 
evaporating 60 nm of Au. The energy-level diagram of the device and a cross-
section SEM image of a device with 900 nm perovskite thick film are shown in 
Figure 24. In Figure 24a, a mismatch in the energy levels of the PCBM layer 
and the metal contact (Au) can be observed in the energy level diagram, but the 
formation of a strong interface dipole layer between PCBM and Au reduce the 
extraction barrier.258 The cross-section SEM image was obtained by 
collaboration with Dr. Eran Edri from Weizmann Institute of Science, Israel. 
The cross-section SEM image (Figure 24b) shows the growth of the perovskite 
layer, as a planar, pin-hole free and compact film. All the layers, except the thin 
blocking layers are visible. In this p-i-n structure, the ITO acts as anode and 
hole-collecting contact, whereas the Au is the cathode and top electron-
collecting electron. Au was selected as its superior performing and more stable 
devices compared to other devices employing other top contact electrodes.  
 
Figure 24. a) Flat band energy level diagram. b) Cross-section SEM of a device with 900 nm 
perovskite thick film (in collaboration with Weizmann Institute of Science, Israel). 
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The J−V curves for the perovskite solar cells with increasing perovskite 
film thickness were measured under 1 sun illumination (100 mW cm‒2) and the 
key parameters were extracted and summarizes graphically in Figure 25 and in 
Table 3. 
 
Figure 25. Thickness dependence of the photovoltaic parameters (JSC, VOC, FF and PCE) 
extracted from their respective J−V curves.  
In Figure 25 it can be observed that there is a significant gain in 
photocurrent generation due to increased light absorption when going from 200 
to 400 nm perovskite thickness and continues to increase slowly up to 900 nm 
thick perovskite film. The increase in JSC in devices from 400 to 900 nm is 5%, 
whereas 25% more light is absorbed in the perovskite layer (see Figure 22). It 
seems that the absorption efficiency is enhanced in thicker devices whereas the 
collection efficiency is reduced. The VOC remains constant for devices with 
perovskite thickness from 200 to 400 nm and decreases by nearly 10% for 
devices with thicker perovskite layer. The FF is the main parameter that is 
negatively affected by the increase of the perovskite thickness. The FF drops 
strongly for devices with a perovskite layer thickness exceeding 300 nm. As a 







































































result of this strong decrease in the FF, the PCE is also negatively affected 
decreasing with perovskite layer thicknesses.  
 
Table 3. Key parameters extracted from J−V curves of p-i-n devices with perovskite thickness 











210 14.7 1.04 56 8.6 
250 16.7 1.04 61 10.6 
285 18.8 1.07 63 12.7 
370 18.5 0.97 52 9.3 
390 18.2 1.03 46 8.6 
680 19.5 0.94 44 8.1 
900 19.8 0.92 40 7.2 
900* 19.5 0.94 65 12.0 
*Doped-polyTPD. 
 
When the incident light is reduced in a device with a thick perovskite 
layer (400 nm) (see Table 4), the FF improves from 49% (1 sun illumination) 
to 61% (0.01 sun illumination) reaching similar values to the best (thin 
perovskite layer) devices (FF = 63% for device with 285 nm perovskite thick 
film). Therefore, at lower illumination intensity, lower charge carrier densities 
are photogenerated and the FF increases. This highlights the high quality of the 
perovskite layer indicating that the level of traps is low, yet the limiting factor 
is the efficiency of charge extraction. This is likely due to the difference in the 
hole mobility in the polyTPD layer compared to that in the perovskite layer. 
Typically, organic semiconductors, such as spiro-OMeTAD, 
polyhexylthiophene (P3HT) or other polymer derivatives exhibit much lower 









Table 4. FF values of a device with 400 nm perovskite thick film at different % of light intensity 
illumination. 







From previous experience in organic light-emitting diodes (OLEDs), it 
is known that the conductivity of the polyTPD layer increases superlinearly 
when it is partially oxidized (doped-polyTPD).260 However, high doping levels 
may hamper the layer’s ability to block electrons. In this study, in order to 
enhance the charge extraction, we replaced the pristine polyTPD with a slightly 
oxidized polyTPD (0.05 % oxidized with AgSbF6). A p-i-n solar cell with a 900 
nm thick perovskite film was fabricated with the layout: 
ITO/PEDOT:PSS/doped-polyTPD/MAPbI3/PCBM/Au (Figure 21b). 
 
Figure 26. a) IPCE and b) J−V-curves of ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au devices 
with 285 and 900 nm perovskite thickness and ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au 
with 900 nm perovskite thickness.  
 
The EQE spectra and J−V curves of the devices with 285 and 900 nm 
layer of perovskite are shown in Figure 26. An increased in the EQE spectra in 
the region of 350 to 500 nm is observed by increasing in the device the 
perovskite thickness from 285 nm to 900 nm (Figure 26a). At the same 
perovskite film thickness of 900 nm, a device with partially oxidized polyTPD 
showed an enhanced FF, similar VOC and JSC compared with the device with the 


































undoped polyTPD (Figure 26b). Due to the enhanced PV characteristics of the 
device with 900 nm thick film of perovskite, it reaches similar efficiencies than 
the most efficient device of the series, 12.7% for 285 nm thick film perovskite 
and 12.0% for the 900 nm thick film perovskite with doped-polyTPD layer. The 
effect of the doped polyTPD layer on cells employing a thinner perovskite layer 
was also studied but the effect was negligible. This is an example of the high 
electronic quality of organic-inorganic lead halide perovskite materials. As 
explained in the introduction of this chapter, long diffusion lengths have been 
reported for solution-processed MAPbI3 perovskites. As these values depend 
on the preparation method, this study is a demonstration of long diffusion 
lengths in vacuum-processed MAPbI3 perovskites reaching high efficiency 
with 900 nm absorber thick film. 
3.2.4. Conclusions 
To optimize the absorber (MAPbI3 perovskite) thickness, in this work 
a series of methylammonium lead iodide perovskite solar cells with a p-i-n 
structure have been prepared with a wide range of active layer thicknesses. The 
device layout was ITO/PEDOT:PSS/(doped-)polyTPD/MAPbI3/PCBM/Au. 
With undoped hole transport layers, the best performance was obtained for solar 
cells with 300 nm perovskite thick film, reaching a PCE of 12.7%. The 
efficiency was negatively affected for devices with thicker perovskite thin films 
of 900 nm with a PCE of 7.2%. However, if the hole transport material 
(polyTPD) was slightly doped, the device with a perovskite layer thickness of 
900 nm reached a PCE of 12%, only slightly below that of the best device of 
the series with a perovskite layer thickness of 300 nm.  
These results demonstrate that the photogenerated charges in 
perovskite do not suffer from significant recombination losses even in such 
very thick layers, corroborating long carrier diffusion lengths. Therefore, in this 
study we demonstrate that the solar cell performance is almost independent on 
perovskite layer thickness in the range of 300 to 900 nm.  
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methylammonium lead iodide perovskite solar cells with active layers from 300 
to 900 nm. APL Materials 2014, 2 (8), 081504. (IF: 4.335, Q1). 








3.3. Highly efficient and fully vacuum-deposited p-i-n and n-
i-p perovskite solar cells 
3.3.1. Introduction 
Perovskite thin films are typically sandwiched between thin layers of 
charge transport materials, which ideally only allow one type of carrier to pass. 
Understanding the properties and limitations of these selective layers is of great 
importance for the development of highly efficient solar cells. The charge 
transport layers should have the following characteristics:259 a) suitable band 
alignment with the perovskite allowing the transport of one carrier while 
blocking the other, 2) sufficient charge carrier mobilities, 3) homogeneous film 
formation generating full and intimate contact with the perovskite , 4) sufficient 
thermal, photo, and chemical stability (also against reactions with the 
perovskite) and 5) optical transparency to prevent parasitic absorption of 
sunlight . It was reported that the charge extraction layers are the major limiting 
factors of perovskite solar cells.261 In order to enhance the charge extraction, 
several approaches have been reported, such as the use of thinner extraction 
layers or enhancing the conductivity of the charge transport layers through 
partial oxidation or reduction (referred to as doping). Inorganic charge transport 
layers, such as TiO2 or ZnO, can be doped with lithium salts247, 262 or other metal 
ions263-267 leading to an enhanced conductivity. An alternative strategy to 
increase the conductivity of the charge extraction layers is the use of doped 
organic semiconductors. The use of molecular dopants reduces the tendency to 
diffuse in the organic semiconductor compared to halides and alkali metals. By 
doping an evaporated organic layer with a molecular dopant, using co-
evaporation, the conductivity of the layer can be varied over several orders of 
magnitude by varying the doping concentration. These dopants typically 
evaporate at a suitable temperature range between 100 and 400 ºC in vacuum 
and enable more stable doping. These molecular dopants have been widely 
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studied for organic light-emitting diodes (OLEDs) and organic solar cells 
(OPVs). 
In this work, we have selected 2,2′-(perfluoronaphthalene-2,6-
diylidene) dimalononitrile (F6-TCNNQ) as the molecular dopant (p-dopant) for 
the hole transport material N4,N4,N4”,N4”-tetra([1,1’-biphenyl]-4-yl)-
[1,1’:4’,1”-terphenyl]-4,4”-diamine (TaTm) and N1,N4-bis(tri-p-
tolylphosphoranylidene) benzene-1,4-diamine (PhIm) as the dopant (n-dopant) 
for the electron transport material (C60) because of their possibility to be 
sublimated. 
Most of the solar cells using a vacuum-deposited perovskite layer 
employ charge transport layers processed from solution.152, 206, 268-269 Polander 
et al. demonstrated a fully vacuum-deposited cell, for which high open-circuit 
voltages VOC of 1.1 V were obtained, using a doped HTM and undoped ETL in 
the device layout.270 The most efficient fully vacuum-deposited perovskite solar 
cell until the publication of the results of the work developed in this thesis was 
15.4% exhibiting high hysteresis between the forward and reverse scan of the 
J−V curves. In that report the perovskite layer was sandwiched between two 
undoped organic molecules functioning as charge extraction layers.271-272 
In this part of the thesis, fully vacuum-deposited planar perovskite solar 
cells, with a similar structure to that reported by our team mentioned above, 
that is, the MAPbI3 perovskite layer is deposited between two charge extraction 
layers, is presented. Each charge extraction layer is composed by a thin layer 
of a pristine organic semiconductor acting as charge transport layer and a 
thicker layer consisting of the same semiconductor material that are partially 
oxidized (in the case of the hole transporter) or reduced (in the case of the 
electron transport layers) by its respective p- and n-dopant. This multilayer 
stack has been prepared in planar-type solar cells both with the p-i-n and n-i-p 
architectures allowing for the first time a direct comparison between these two 
device types. In the following part of the thesis, the role and effect of the 
undoped and doped layers on the device performance is described. This study 
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highlights the unprecedented high power conversion efficiencies exceeding 
16.5% and 20% obtained for vacuum-deposited MAPbI3-based p-i-n and n-i-p 
solar cells, respectively, which is among the highest efficiencies reported for 
MAPbI3-based solar cells.217, 273-275 
3.3.2. Experimental and methodology 
Materials 
All the chemicals and solvents were used as received. 2,2’-
(perfluoronaphthalene-2,6-diylidene) dimalononitrile (F6-TCNNQ), 
N4,N4,N4”,N4”-tetra([1,1’-biphenyl]-4-yl)-[1,1’:4’,1”-terphenyl]-4,4”-
diamine (TaTm) and N1,N4-bis(tri-p-tolylphosphoranylidene)benzene-1,4-
diamine (PhIm) were obtained from Novaled GmbH. Fullerene (C60) was 
purchased from Sigma Aldrich. PbI2 was purchased from Tokyo Chemical 
Industry CO (TCI), and CH3NH3I (MAI) from Lumtec. The photolithography-
patterned indium tin oxide (ITO) (15 Ω □‒1) glass substrates were purchased 
from Naranjo Substrates. 
Fabrication of perovskite solar cells. 
Two different planar-type p-i-n and n-i-p solar cells were fabricated 
with the structures: ITO/TaTm:F6-TCNNQ/TaTm/MAPbI3/C60/C60:PhIm/Ag 
(Figure 27a) and ITO/C60:PhIm/C60/MAPbI3/TaTm/TaTm:F6-TCNNQ/Au 
(Figure 27b). For clarity, the TaTm:F6-TCNNQ layer will be referred in the text 





Figure 27. Scheme of the a) p-i-n and b) n-i-p devices studied in this work. 
The devices were prepared as follows. ITO-coated glass substrates 
were subsequently cleaned with soap, water and isopropanol in an ultrasonic 
bath, 5 minutes each, followed by 20 minutes of UV-ozone treatment. Then, 
the substrates were transferred to a vacuum chamber integrated into a nitrogen-
filled glovebox (MBRAUN, H2O and O2 < 0.1 ppm) and evacuated to a pressure 
of 1 × 10‒6 mbar. The vacuum chamber is equipped with six temperature 
controlled evaporation sources (Creaphys) fitted with ceramic crucibles. The 
sources were directed upwards with an angle of approximately 90º with respect 
to the bottom of the evaporator. The substrate holder to evaporation sources 
distance is approximately 20 cm. Three QCM sensors are used, two monitoring 
the deposition rate of each evaporation source and a third one close to the 
substrate holder monitoring the total deposition rate. Prior to do co-deposition, 
for thickness calibration, we first individually sublimed the charge transport 
materials and their dopants (TaTm and F6-TCNNQ, C60 and PhIm). A 
calibration factor (tooling factor) was obtained by comparing the thickness 
inferred from the QCM sensors with that measured with a mechanical 
profilometer (Ambios XP1). Once the tooling factor was determined, these 
materials were co-sublimed at temperatures ranging from 135‒160 ºC for the 
dopants to 250 ºC for the pure charge transport molecules, and the evaporation 
rate was controlled by separate QCM sensors and adjusted to obtain the desired 
doping concentration. For doping concentration optimization, the deposition 





















deposition rate of the dopants during co-deposition. This method allows for a 
precise control of the ratios of each molecule in the sublimed film by carefully 
monitoring the evaporation rate using QCM sensors during the evaporation 
process. Pure TaTm and C60 layers were deposited at a rate of 0.5 Å s‒1. 
For the p-i-n configuration (Figure 27a), 40 nm of the p-HTL 
(TaTm:F6-TCNNQ) capped with 10 nm of the pure TaTm were deposited. On 
the other hand, for the n-i-p configuration (Figure 27b), 40 nm of the n-ETL 
(C60:PhIm) capped with 10 nm of the pure C60 were deposited.  
Once completed the deposition of the respective charge selective 
contacts, the chamber was vented with dry N2 to replace the p-HTL or n-ETL 
crucibles, respectively, with those containing the starting materials for the 
perovskite deposition, PbI2 and CH3NH3I. The vacuum chamber was evacuated 
again to a pressure of 1 × 10‒6 mbar, and the perovskite films were deposited 
by co-deposition of the two precursors (Figure 27). The calibration of the 
deposition rate for the CH3NH3I was found to be difficult due to non-uniform 
layers and the soft nature of the material, which impeded accurate thickness 
measurements. Hence, the source temperature of the CH3NH3I was kept 
constant at 70 ºC and the CH3NH3I:PbI2 ratio was controlled off line using 
grazing incident x-ray diffraction by adjusting the PbI2 deposition temperature. 
The optimum deposition temperatures were found to be 250 ºC for PbI2 and 70 
ºC for CH3NH3I. After deposition of a 500 nm thick perovskite film, the 
chamber was vented and the crucibles replaced with those containing C60 and 
PhIm, or TaTm and F6-TCNNQ and evacuated again to a pressure of 1 × 10‒6 
mbar. The devices were completed by depositing a 10 nm thick film of pure C60 
and a 40 nm thick film of the n-ETL (C60:PhIm) (p-i-n, Figure 27a) or 10 nm 
thick film of pure TaTm and a 40 nm thick film of p-HTL (TaTm:F6-TCNNQ) 
(n-i-p, Figure 27b). This process of exchanging crucibles was done to evaluate 
the effect of changes in the type of charge selective contact for an identical 
perovskite layer. In one evaporation run, we can prepare 5 substrates (3 by 3 
cm2) each containing 4 cells. Generally, one substrate was reserved for a 
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reference configuration allowing to evaluate 4 variations in the transport layers 
per perovskite evaporation. It is also possible to prepare the complete stack 
without breaking vacuum as we have 6 sources available. Finally, the substrates 
were transferred to a second vacuum chamber where the metal top contact (100 
nm thick) was deposited, Ag for the p-i-n (Figure 27a) and Au for the n-i-p 
devices (Figure 27b). 
Characterization of perovskite solar cells. 
The perovskite thin films were characterized as follows. Grazing 
incident X-ray diffraction (GIXRD) patterns were collected in air at room 
temperature on an Empyrean PANanalytical powder diffractometer using the 
Cu Kα1 radiation. Typically, three consecutive measurements were collected 
and averaged into a single spectra. Cross-section Scanning Electron 
Microscopy (SEM) images were performed on a Hitachi S-4800 microscope 
operating at an accelerating voltage of 2 kV over Platinum-metallized samples. 
Absorption spectra were collected in air using a fiber optics based Avantes 
Avaspec2048 Spectrometer.  
The characterization of the solar cells was performed as follows. The 
EQEPV was estimated using the cell response at different wavelengths 
(measured with a white-light halogen lamp in combination with band-pass 
filters), where the solar spectrum mismatch is corrected using a calibrated 
Silicon reference cell (MiniSun simulator by ECN, the Netherlands). The J−V 
characteristics were obtained using a Keithley 2400 source measure unit and 
under white light illumination, and the JSC was corrected taking into account 
the device EQEPV. The electrical characterization was validated using a solar 
simulator by Abet Technologies (model 10500 with an AM1.5G xenon lamp as 
the light source). Before each measurement, the exact light intensity was 
determined using a calibrated Si reference diode equipped with an infrared cut-
off filter (KG-3, Schott). Importantly, no difference in the J−V characteristics 
was observed as a function of evaluation method. The J−V curves were 
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recorded between ‒0.2 and 1.2 V with 0.01 V steps, integrating the signal for 
20 ms after a 10 ms delay. This corresponds to a speed of about 0.3 V s‒1. The 
devices layout has four equal areas (0.0653 cm2, defined as the overlap between 
the ITO and the top metal contact) and measured through a shadow masks with 
0.01 cm2 aperture. For hysteresis study, different scan rates (0.1, 0.5 and 1 V s‒
1) were used, biasing the device from ‒0.2 to 1.2 V with 0.01 V steps and vice 
versa. Light intensity dependence measurements were done by placing 0.1, 1, 
10, 20 and 50% neutral density filters (LOT-QuantumDesign GmbH) between 
the light source and the device. 
3.3.3. Results and discussion 
A single layer of 500 nm of MAPbI3 was deposited in vacuum on top 
of glass and the crystallinity, morphology and optical properties were 
characterized (Figure 28). The XRD pattern (Figure 28a) shows the typical 
peaks of the tetragonal phase of MAPbI3 with the main peaks at 2θ values of 
14.1 and 28.4º attributed to the (110) and (220) planes. The top-view SEM 
image (Figure 28b) shows a pinhole-free and compact film with crystal grains 
with grain size around 100 nm. The UV-Vis absorption spectrum (Figure 28c) 
exhibits an absorption onset around 790 nm corresponding to the reported band 




Figure 28. a) XRD diffraction pattern, b) top-view SEM image and c) UV-Vis spectrum of 500 
nm thick film of MAPbI3 deposited on top of glass.  
 




















The vacuum-deposited MAPbI3 was implemented into p-i-n solar cells, 
employing the simplest structure of the perovskite layer sandwiched between 
single thin films (10 nm) of hole and electron extraction molecules (without 
any molecular dopant): ITO/TaTm/MAPbI3/C60/Ag. The photovoltaic response 
under 1 sun illumination is rather poor (Figure 29), showing a pronounced s-
shape in the J−V curve, leading to poor FF and hence low PCE values. This 
indicates that the charge carrier extraction is severely hindered, either due to 
the high resistance of the organic charge transport layers or to the presence of 
an extraction barrier at the electrode interfaces.  
 
Figure 29. J−V curve of the p-i-n device with the layout ITO/TaTm/MAPbI3/C60/Ag illuminated 
under 1 sun illumination (100 mW cm−2). 
Optimization of dopant concentration in p-i-n devices 
To reduce the series resistance in the device and to ensure an ohmic 
contact between them and the electrodes, a partially oxidized HTL (p-HTL) and 
reduced ETL (n-ETL) was implemented in the previous layout by co-
evaporation of the charge transport molecule with a dopant between the pure 
HTL or ETL and the electrode. Figure 30 shows the p-i-n device structure and 
the energy-level diagram of the stack.  




















Figure 30. p-i-n solar cell: a) cross-section SEM (scale bar 200 nm) and scheme of the device 
layout, b) flat-band energy level diagram (EA electron affinity, IP ionization potential of the 
dopants) and c) chemical structures of the organic molecules and molecular dopants used to 
prepare the charge transport layers.  
As can be observed in Figure 30, an undoped HTL and ETL was placed 
between the perovskite and the doped charge transport layers to prevent any 
negative interaction (chemical reaction) between the radical cations and anions 
presented in the doped charge transport layers and the photogenerated charge 
carriers in the perovskite.  
First, the conductivity and absorption of p-HTL and n-ETL were 
characterized at different doping concentration. The conductivity of the layers 
was measured with interdigitated electrodes and the absorption spectra were 
collected from the layer deposited on top of glass. The corresponding 






























Figure 31. a) Absorption spectra of different p-HTLs as a function of F6-TCNNQ dopant 
concentration, b) absorption spectra of different n-ETLs as a function of PhIm dopant 
concentration, c) conductivity of the p-HTLs as a function of F6-TCNNQ dopant concentration 
and d) conductivity of the n-ETLs as a function of PhIm dopant concentration.  
The conductivity of the layers increases at increasing dopant 
concentration (Figure 31c for p-HTL and Figure 31d for n-ETL). In terms of 
absorption of the films, they show an opposite trend. Whereas the p-HTL 
absorbs more at higher dopant concentrations (Figure 31a), the n-ETL absorbs 
more at lower dopant concentrations (Figure 31b). It is important to mention 
that the p-HTL conductivity is two orders of magnitude lower compared to the 
n-ETL, for the different dopant concentrations evaluated. 
In p-i-n devices, to optimize the dopant concentration in the p-HTL 
(front contact), the dopant of the p-HTL was modified whereas the dopant 
concentration in the n-ETL was kept constant at 30 wt.%. The J−V curves, the 
EQEPV and the evolution of the key parameters extracted from the respective 
J−V curves with the F6-TCNNQ dopant concentration are depicted in Figure 
32. In the p-HTL, the main effect of increasing the dopant concentration of F6-
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TCNNQ is the increase in the FF from 55% for a dopant concentration of 3 
wt.% to a maximum of 74% at a dopant concentration of 11 wt.% (Figure 32a 
and 32c). The charges are more efficiently extracted as the p-HTL conductivity 
increases for increasing doping levels. The VOC increases with increasing 
dopant concentration going from 1053 to 1082 mV (Figure 32a and 32c). This 
effect is likely to be a consequence of a reduction in the charge recombination 
due to the more efficient charge extraction from the perovskite to the external 
contacts. However, the JSC decreases slightly when the dopant concentration is 
increased. This effect is due to the higher absorption of the p-HTL at higher 
dopant concentration, diminishing the light intensity reaching the perovskite 
absorber and hence decreasing the EQEPV (Figure 32b). Due to this reduction 
in JSC the optimum F6-TCNNQ dopant concentration of 11 wt.% was found 
with an average PCE of 15.9%. 
 
Figure 32. p-i-n solar cells operated under 1 sun illumination (100 mW cm−2) as a function of F6-
TCNNQ dopant concentration. a) J−V curves, b) external quantum efficiency (EQEPV), c) 
evolution of the key parameters deduced from the J−V curves (VOC, JSC, FF and PCE) with F6-
TCNNQ dopant concentration.  
 


































































































Once optimized the F6-TCNNQ dopant concentration in the p-HTL 
(front contact) at 11 wt.%, this dopant concentration was maintained constant 
and the dopant concentration in the n-ETL (PhIm) (rear contact) was varied. In 
contrast to the strong effect of the dopant concentration in the p-HTL, the effect 
of the dopant concentration in the n-ETL at the rear part of the device was not 
very pronounced. The PV performances were similar and this indicate that in 
the dopant range studied, the conductivity of the n-ETL is high enough to 
ensure an efficient electron extraction to the electrode (Ag). Indeed, the 
conductivity in the n-ETL dopant range studied is higher than in p-HTL. Due 
to the similar performance, the graphs are not shown in this chapter.  
Optimization of dopant concentration in n-i-p devices 
As mentioned above, n-i-p devices were fabricated using the same 
materials than in p-i-n devices but inverting the order of the deposition of the 
layers. In this configuration, Au was chosen as top contact electrode due to its 
higher work function compared to Ag, metal used as top contact electrode in p-
i-n devices.  
To optimize the dopant concentration in the n-ETL (front contact), the 
dopant concentration in the p-HTL was kept constant at 11 wt.%. The J−V 
curves as a function of n-ETL dopant concentration is shown in Figure 33. The 
JSC increases slightly with increasing PhIm dopant concentration and reaches 
20.28 mA cm‒2 for the highest n-dopant concentration. This increase is also 
observed in EQEPV with increasing PhIm content (Figure 33a). This is a 
consequence of the reduced C60 content in the film and subsequent higher 
transmittance in n-ETL (Figure 31b). The VOC and FF do not change in the range 
of dopant concentration evaluated, maintaining values as high as 1.1 V and 
80%, respectively. These high values lead to average PCEs of 18% and 
exceeding 20% for the record n-i-p cells obtained with a n-ETL dopant 
concentration of 60 wt.% (Figure 33d). This high efficiency is the record not 
only for vacuum-deposited perovskite cells, but also the highest observed for 
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devices incorporating the MAPbI3 absorber. Such high efficiency is somehow 
contradicting to the commonly accepted belief on the need of large crystals so 
as to have long charge diffusion lengths and efficient charge collection in 
perovskite solar cells.276  
 
Figure 33. n-i-p devices: a) external quantum efficiency (EQEPV) and b) J−V curves obtained 
under 1 sun illumination (100 mW cm−2) as a function of PhIm dopant concentration. c) Cross-
section SEM image of a representative n-i-p solar cell. d) J−V curve of the champion n-i-p solar 
cell.  
p-i-n vs n-i-p: the importance of the front contact 
The results show a strongly enhancement of the performance in n-i-p 
solar cells compared to that of the devices in the p-i-n configuration (Figure 
34). This enhancement is due to the increased FF value, which is above 80% in 
the n-i-p, compared to the FF around 70% registered in the p-i-n configuration. 
A possible reason for the enhanced FF, when going from the p-i-n to the n-i-p 
configuration, is likely related to the difference in conductivity of the doped 
charge transport layers at the front contact. As mentioned above, the 
conductivity of the n-ETL is two orders of magnitude higher than the 
conductivity of the p-HTL, for the different dopant concentrations evaluated. 
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Figure 34. J−V curves obtained under 1 sun illumination (100 mW cm−2) of the champion p-i-n 
and n-i-p solar cells obtained in this work.  
To shed light on the difference of the PV performance between p-i-n 
and n-i-p devices, the light intensity dependence on the FF is evaluated in both 
configurations (Figure 35a and 35b). The light intensity-FF dependence shows 
two different regimes for both devices, one from 1 to 0.1 sun illumination and 
the other from 0.1 to 0.001 sun illumination. The FF of p-i-n cells increases at 
lower light intensities in the first regime, whereas decreases in the second one, 
even for cells using the optimum 11 wt.% dopant concentration in the p-HTL 
(Figure 35a). However, in n-i-p devices, the FF is virtually independent on light 
intensity (it is not affected) in the first regime and decreases in the second one 
(Figure 35b). This trend therefore, confirms that in the p-i-n configuration a 
barrier for hole extraction exists.  
The external quantum efficiency of electroluminescence for p-i-n and 
n-i-p devices was measured (Figure 35c and 35d). In p-i-n devices (Figure 35c), 
the radiant flux saturates at about 1.7 V and then decrease, whereas the n-i-p 
devices (Figure 35d), show enhanced electroluminescence without saturation. 
This difference confirms a more efficient and balance charge carrier injection 
in n-i-p devices. The ability to efficiently inject holes when the p-HTL is placed 
between the HTL and the top metal electrode (n-i-p devices) can be understood 
considering that the metal electrode is thermally evaporated on top of the p-
HTL, which leads to an improved contact because the metal atoms slightly 
penetrate the soft organic layer and hence increase its conductivity. The EQE 




















for electroluminescence (EQEEL) of the best performing n-i-p cell presented in 
this work is EQEEL = 0.36%, being this value among the highest reported for 
light-emitting diodes employing MAPbI3 as the emitting layer.277-278 
 
Figure 35. FF dependence on light intensity of a) p-i-n and b) n-i-p at different dopant 
concentrations of F6-TCNNQ and PhIm, respectively. J−V and radiant flux-voltage curves of c) 
p-i-n and d) n-i-p champion solar cells.  
The hysteresis of the devices was evaluated at different J−V scan 
speeds (Figure 36). Very small hysteresis between forward and reverse J−V 
scans is observed only for p-i-n devices (Figure 36a), where small fluctuations 
in the VOC and FF are present due to possible extraction issues at the ITO/p-
HTL contact (the overall variation of the PCE was limited to 0.1%). On the 
other hand, highly efficient n-i-p devices are essentially hysteresis-free, 











































































































































Figure 36. J−V curves obtained under 1 sun illumination (100 mW cm−2) at different scan speeds 
for a) p-i-n and b) n-i-p solar cells.  
Role of the intrinsic transport layers 
Intrinsic (undoped) HTL and ETL were placed between the p-HTL and 
n-ETL and the perovskite to the purpose of avoiding negative interactions. 
However, it is not obvious whether such a negative interaction in fact occurs, 
since in perovskites electrons and holes are spontaneously formed after photon 
absorption without long-living intermediate excitonic states and, additionally, 
the absorber layer is very thick compared with organic photovoltaic devices. 
Therefore, a series of p-i-n and n-i-p devices with selective removal of one of 
the two undoped charge transport layers (HTL or ETL) were fabricated, 
evaluated and its performance (J−V characteristics) was compared with the 
reference cell in which both undoped layers are present (green curve) (Figure 
37). For comparison, the key parameters extracted from the J−V curves for p-i-
n and n-i-p devices with one of the two or both undoped charge transport layers 
are shown in Table 5.  
 



















































Figure 37. a) J−V curves obtained under 1 sun illumination (100 mW cm−2) for p-i-n devices with 
both undoped charge transport layers (green line) or without one of the undoped charge transport 
layers (blue and red). b) J−V curves obtained under 1 sun illumination (100 mW cm−2) for n-i-p 
devices with both undoped charge transport layers (orange line) or without one of the undoped 
charge transport layers. 
Table 5. Key PV performance data extracted from J−V curves of representative p-i-n and n-i-p 
devices with one of the two undoped charge selective layers or with both undoped layers. 










p-HTL/TaTm/MAPbI3/C60/n-ETL 1082 20.02 73.1 15.8 
p-HTL/MAPbI3/C60/n-ETL 1033 20.19 73.3 15.3 
p-HTL/TaTm/MAPbI3/n-ETL 1032 17.82 45.0 8.3 
n-i-p 
n-ETL/C60/MAPbI3/TaTm/p-HTL 1115 20.28 79.8 18.0 
n-ETL/MAPbI3/TaTm/p-HTL 1084 20.45 68.8 15.2 
n-ETL/C60/MAPbI3/p-HTL 998 19.44 68.7 13.3 
In p-i-n devices, the dopant concentrations were fixed at the optimum 
11 and 30 wt.% for the p-HTL and n-ETL, respectively. The performance of 
the devices without the undoped ETL is significantly worse (lower FF, JSC and 
VOC) than for the reference cell. Without the undoped C60 layer, the perovskite 
film is in close contact with the n-ETL, therefore electron-hole recombination 
can occur at the interface causing the simultaneous reduction of the PV 
performance. In contrast, the solar cells without the undoped HTL perform only 
slightly worse compared to the reference cell, most likely due to the low dopant 
content and hence low conductivity of the p-HTL (compared to the n-ETL). 
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However, this layer (p-HTL) can still confine the electrons in the perovskite 
layer and inhibit charge recombination at the p-HTL/MAPbI3 interface. The 
slight decrease in VOC observed without the undoped TaTm layer can be 
attributed to the lower Fermi level of the p-HTL compared to the HOMO of the 
TaTm. 
Also in the n-i-p configuration the effect of the undoped charge 
transport layers was evaluated (Figure 37b). The selective removal of the 
undoped layers leads to a decrease in device performance, as observed in the p-
i-n devices. The effect of the removal of the C60 between the n-ETL and the 
perovskite substantially reduces the VOC and FF, while the removal of the 
undoped HTL has a limited effect on the device performance, in agreement with 
what was observed for p-i-n devices and with the conductivity trend among the 
p-HTL and the n-ETL. Therefore, the presence of the undoped layers between 
the perovskite and the doped charge transport layers is required for highly 
efficient solar cells, independently on the device configuration. 
Role of the doped transport layers 
Additionally, the effect of the selective removal of one of the doped 
organic layers on the device performances was studied. In both configurations, 
p-i-n and n-i-p, p-HTL and n-ETL are required to avoid severe charge 
extraction issues. Whereas the devices with only a thin layer of pure TaTm and 
no doped layer between the ITO and the TaTm shows a strong extraction issue 
(Figure 38a), devices with only a thin layer of pure C60 and no doped layer 
between the fullerene and the metal show lower (FF especially) but still 
appreciable reported photovoltaic behaviour (Figure 38b).152, 279 An interface 
dipole is created at the interface between C60 and noble metals (Au or Ag) 




Figure 38. J−V curves obtained under 1 sun illumination (100 mW cm−2) for p-i-n devices a) 
without p-HTL or b) without n-ETL. 
Stability and reproducibility 
The stability of the solar cells was analysed without encapsulation 
under continuous illumination of a white LED light inside a nitrogen-filled 
glovebox. The light intensity was adjusted by setting the JSC of the solar cells 
equal to the value obtained under the 1.5 AM illumination. The temperature of 
the cells reached approximately 40 ºC during the first 10 minutes of the test and 
remains constant afterwards. All cells were illuminated under short-circuit 
conditions and at fixed time intervals J−V scans were taken to extract the key 
performance indicator of the cells from which the evolution of the PCE was 
derived. In Figure 39, the stability of both configuration, p-i-n and n-i-p, is 
shown and no substantial difference in PCE lifetime exists between them. The 
parameter that causes the PCE decay in p-i-n cells is the current density, 
whereas in the n-i-p cells the decay is caused by the decrease of the FF.  
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Figure 39. Time-dependent VOC, FF, JSC and PCE of a) p-i-n and b) n-i-p solar cells.  
The statistics of the PV performance of p-i-n and n-i-p devices is shown 
in Figure 40. This chart clearly shows the enhanced PV performance of n-i-p 
respect to p-i-n solar cells.  
 
Figure 40. Statistics of the PCE measured for p-i-n (green) and n-i-p (red) devices. Green and red 
solid lines represent the Gaussian distribution fitting for the PCE.  



























































































































In this work, fully vacuum-deposited perovskite solar cells were 
fabricated by depositing methylammonium lead iodide between intrinsic and 
doped organic charge transport layers.  
Two different configurations, one inverted with respect to the other, p-
i-n and n-i-p, are prepared and optimized leading to planar solar cells without 
hysteresis and very high efficiencies, 16.5% and 20%, respectively. A direct 
comparison between these two opposite device configurations has been carried 
out for the first time, with the same materials just inverting the order of the 
layers. 
The results obtained in this work demonstrate that the PV performance 
of n-i-p devices is enhanced compared to the p-i-n configuration. This increase 
in the PV performance in n-i-p devices is due to its enhanced FF and likely 
related to the higher conductivity of the n-ETL (C60:PhIm) placed at the front 
contact than the p-HTL (TaTm:F6-TCNNQ) in p-i-n devices. In n-i-p devices, 
the extraction and injection of charge carriers is more efficient and more 
balanced than in p-i-n devices.  
The optimization of the dopant concentration at the front contact in 
both configurations was carried out. After a trade-off between absorption and 
conductivity of the layers, and the PV performances of the respective devices, 
the optimum values of dopant concentration in p-i-n devices were 11 wt.% of 
F6-TCNNQ for the p-HTL and 60 wt.% for the n-ETL in n-i-p devices. 
In order to study the effect of the intrinsic and doped charge transport 
layers in the PV performance of the solar cells, p-i-n and n-i-p devices were 
built up without one of the both intrinsic or doped charge transport layers and 
further characterized.  
The PV performance of p-i-n devices without intrinsic ETL was 
significantly worse compared to p-i-n devices without intrinsic HTL. Without 
the ETL, the perovskite film is in close contact with the n-ETL and electron-
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hole recombination can occur at the interface causing the simultaneous 
reduction of the PV performance. However, in the solar cells without the 
intrinsic HTL due to the low dopant content and hence low conductivity of the 
p-HTL (compared to the n-ETL), the electrons in the perovskite layer can still 
be confined and the charge recombination at the p-HTL/MAPbI3 interface is 
inhibited. The study of the effect of the selective removal of one of the doped 
organic layers on the device performances led to in both configurations, p-i-n 
and n-i-p, p-HTL and n-ETL are required to avoid severe charge extraction 
issues. However, the PV performance of p-i-n solar cells without the n-ETL is 
still appreciable due to the presence of an interface dipole created at the 
interface between C60 and noble metals (Au or Ag) enhancing the electron 
extraction through the contact.  
The high efficiency obtained this work in n-i-p devices (exceeding 
20%) is the record not only for vacuum-deposited perovskite cells, but also the 
highest observed for devices incorporating the MAPbI3 absorber. In addition, 
the EQE for electroluminescence (EQEEL) of the best performing n-i-p cell 
(EQEEL = 0.36%) is among the highest reported for light-emitting diodes 
employing MAPbI3 as the emitting layer 
The fully vacuum-deposited solar cells presented in this work allow to 
fine tune the device properties by controlling the individual layer thicknesses 
and composition for specific applications including tandem configurations. 
3.3.5. Contribution of the author  
Article. Momblona, C.;‡ Gil-Escrig, L.;‡ Bandiello, E.; Hutter, E. M.; Sessolo, 
M.; Lederer, K.; Blochwitz-Nimoth, J.; Bolink, H. J.; Efficient vacuum 
deposited p-i-n and n-i-p perovskite solar cells employing doped charge 
transport layers. Energy & Environmental Science 2016, 9 (11), 3456-3463. (‡ 
equally contributed).(IF: 29.518, Q1). 






































The aim of this thesis is the implementation of unconventional 
materials into light-emitting and photovoltaic devices.  
The motivation of this thesis, as commented in Chapter 1, is to reduce 
the energy consumption to generate illumination and the amount of fuel fossil 
employed in the generation of energy. For this purpose, novel, efficient and 
low-cost electroluminescent and photovoltaic devices need to be developed. 
In the introduction of the Chapter 2, Section 2.1.7., is mentioned that 
the small number of red-emitting LECs reported and their poor stability 
compared to yellow/orange LECs are two of the principal limitations of LECs. 
With this in mind, the work developed in Section 2.2. was focused on the 
development of red- and near-infrared LECs and the improvement of the device 
stability.  
The iTMCs studied in this work were based on the 
[Ir(ppy)2(btzpy)][PF6] complex (ppy = 2-phenylpyridinate and btzpy = 2-
(pyridin-2-yl)benzo[d]thiazole) and all of the complexes studied showed red- 
and near-infrared photoluminescence in the solid-state with moderate PLQYs 
values (<18%). The LECs prepared with these complexes also exhibit red to 
near-infrared electroluminescence. Although the maximum luminance values 
were moderate, they exhibited extremely high device stability with lifetimes in 
the range of 1000 – 6000 h, being the most stable red-emitting LECs reported 
up to date. The EQEEL values obtained were moderate (EQEEL values up to 2%), 
however, these values were impressive in view of its low thin-film PLQY 
values and the high current density applied in some cases. Moreover, the 
possibility of tuning the luminance levels was demonstrated, having a fast 
response with almost no loss in device stability, maintaining its impressive 
characteristics by increasing the average current density up to the extremely 
high value of 1500 A m‒2. 
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The results obtained in this work confirm the potential of the 
[Ir(ppy)2(btzpy)][PF6] type complexes for lighting systems and this work 
constitutes a step forward in their application in commercial red-light 
applications. The results presented in this Chapter were published in two 
different publications (Section 2.2.5.).  
In Chapter 3 (Section 3.1.2.) the benefit of the precise control over the 
film thickness when employing vacuum-deposition techniques was 
highlighted.  
In view of the good photovoltaic performance with perovskite 
absorbers obtained previously in our group, in Section 3.2. an in-depth study of 
the photovoltaic efficiency by increasing the photocurrent obtained through 
modification of the perovskite thickness was performed. In this study, a series 
of vacuum-deposited MAPbI3 layers with a wide range of layer thicknesses 
ranging from 210 to 900 nm were fabricated by co-evaporation and then 
characterized. Given the good properties of the layers, the perovskite layers 
were implemented into p-i-n devices where the perovskite layer was 
sandwiched between undoped organic charge transport layers. The 
photogenerated JSC was enhanced when the perovskite thickness was increased, 
however, at the same time a reduction in the FF and hence in the PCE was 
observed. This reduction was linked to the low mobility of the undoped 
polyTPD layer. The partial oxidation of the polyTPD layer increases its 
conductivity and the device that contains the doped polyTPD layer with the 
thicker perovskite thick film recovers the FF (65%) and the PCE (12.0%) 
reaching the same high efficiency than the most efficient device of the series 
with thinner perovskite films (PCE = 12.7%). Therefore, in this work was 
demonstrated that with non-limiting organic layers, the PV performance of 
vacuum-deposited perovskite solar cells is rather independent on the perovskite 
layer thickness and also demonstrating that the charge carrier diffusion length 
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is not limiting in the devices. The results presented in this Section were 
published in one publication (Section 3.2.5.).  
 
In Section 3.3., the fabrication and characterization of fully vacuum-
deposited planar perovskite solar cells, employing a MAPbI3 perovskite layer 
deposited between a double layer of an intrinsic and doped n- or p- type organic 
charge transport layers, respectively, were described. Two different 
configurations, one inverted with respect to the other, p-i-n and n-i-p, were 
prepared using the same materials in both layouts. This was the first time where 
a direct comparison between the two device types was described. The 
optimization of the dopant concentration was carried out and it was found that 
the presence of the undoped layers between the perovskite and the doped charge 
transport layers were required for high efficiency cells, independently on the 
device configuration. 
The optimized solar cells lead to planar solar cells hysteresis-free and 
very high efficiencies exceeding 16.5% (p-i-n) and 20% (n-i-p), at the time the 
highest efficiencies reported for vacuum-deposited perovskite and in general 
with MAPbI3-based solar cells. The improved performance in n-i-p solar cells 
compared to that of the devices in the p-i-n configuration is primarily caused 
by the higher FF value. This is likely related to the difference in conductivity 
of the doped charge transport layers at the front contact leading to a more 
efficient and balance charge carrier extraction/injection of the charges. When 
used as a light-emitting diode these structures also presented the highest EQEEL 
reported for MAPbI3 based diodes. The results presented in this Section were 

















































Capítulo uno: Introducción general y objetivos de la tesis  
1.1. Introducción general 
En los últimos años se ha producido un incremento en el consumo 
energético mundial debido al aumento de la población y el desarrollo 
económico.1 En concreto, la iluminación constituye más de un 15% del 
consumo eléctrico global y un 5% de las emisiones de gas invernadero a nivel 
mundial.2 Con el completo reemplazo de la iluminación convencional, basada 
en luces incandescentes y fluorescentes, por un sistema de iluminación de 
estado sólido (SSL), el consumo energético en iluminación se vería reducido a 
menos del 10% del consumo eléctrico global.3 Por lo tanto, la iluminación en 
estado sólido (SSL) basada en diodos emisores de luz (LEDs), diodos orgánicos 
emisores de luz (OLEDs) o células electroquímicas emisoras de luz (LECs) ha 
emergido como la mejor alternativa para promover el ahorro energético en 
iluminación. 
Respecto a la generación de energía anual, las fuentes de energía no 
renovables (combustibles fósiles: carbón, petróleo y gas) representan más del 
85% de la generación energética global, mientras que solo un 3% son las 
energías renovables (ver Figura 1). Indiscutiblemente, la mayor fuente de 
energía renovable, la más limpia y permanente, es el sol. La radiación solar que 
alcanza la superficie de la Tierra en un año es de un orden de magnitud mayor 
a la de todos los recursos estimados de energías no renovables, incluyendo la 
energía nuclear.4 Por lo tanto, es indiscutible la superioridad de este recurso 
energético cuando se compara con las reservas limitadas de carbón, petróleo y 
gas que existen en la Tierra. En la actualidad, el desarrollo de la energía solar 
se ha convertido en una alternativa viable a los combustibles fósiles para aliviar 
la crisis energética y solventar problemas medioambientales. La energía solar 
fotovoltaica puede convertir directamente y de manera eficaz la luz solar en 
electricidad. Sin embargo, para que sea competitiva con los combustibles 
fósiles, es necesario reducir su coste global mediante el incremento de la 
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eficiencia y el tiempo de vida operacional y la reducción de costes por célula 
fotovoltaica. En la actualidad, el mercado fotovoltaico está liderado por células 
solares cuyo material absorbente de luz es el silicio cristalino o policristalino 
(c-Si y poly-Si, respectivamente). Recientemente, células solares cuyo material 
absorbente de luz son materiales tipo perovskita han emergido como una nueva 
generación de células solares de bajo coste y con un menor factor de emisión 
de CO2 en comparación con los demás sistemas fotovoltaicos, siendo 
competitivas en sí mismas o en combinación con el silicio cristalino. 
1.2. Objetivos de la tesis 
El objetivo global de la tesis es la implementación de materiales no 
convencionales en dispositivos emisores de luz y fotovoltaicos con altas 
eficiencias de conversión. 
En particular, los objetivos de esta tesis consisten en: 
 Mejora de la estabilidad de células electroquímicas emisoras de luz y 
ampliación de su longitud de onda de emisión desde el rojo hasta el 
infrarrojo cercano. 
 Mejora de la eficiencia de células solares basadas en perovskitas 
mediante la deposición en fase vapor del absorbente de luz y la 










Capítulo dos: Células electroquímicas emisoras de luz 
2.1. Introducción 
Las células electroquímicas emisoras de luz (LECs) son dispositivos 
emisores de luz basados en la utilización de una monocapa de un material 
electroluminiscente como elemento emisor de luz.5, 10-11, 17, 19 La presencia de 
iones en la capa emisora de luz es crucial para el mecanismo de operación del 
dispositivo LEC, por lo que los emisores basados en complejos iónicos de 
metales de transición (iTMCs) se han convertido en el material electroactivo 
más prometedor en la tecnología LEC.13-15 
El primer LEC publicado en 1996 empleaba un polímero de un 
complejo de Ru(II) como material electroluminiscente.23 Sin embargo, debido 
al limitado rango de emisión desde el naranja hasta el rojo y a las bajas 
eficiencias obtenidas con los complejos de Ru(II),28, 35-36 otros iTMCs de 
Re(I),37 Pt(II),40 Cu(I)44 o Ir(III)52 empezaron a ser implementados en 
dispositivos LEC. Los complejos de Ir(III) (Ir-iTMCs) han destacado debido a: 
1) su versatilidad sintética formando complejos homo- y heterolépticos, 2) su 
color de emisión en todo el rango visible, 3) su mejor fotoestabilidad (el estado 
excitado triplete no emisor (3MC) es menos accesible) y 4) la mayor eficiencia 
y estabilidad del dispositivo. Desafortunadamente, debido a la escasez del iridio 
en la corteza terrestre y a su alto precio, es deseable el reemplazo del mismo 
por otros materiales más abundantes y baratos, como el cobre. 
La mayoría de los Ir-iTMCs utilizados en dispositivos LEC tienen la 
estructura [Ir(C^N)2(N^N)]+, donde el metal central Ir(III) está coordinado a 
dos ligandos ciclometalantes aniónicos (C^N) y un ligando secundario neutro 
(N^N) (Figura 2a). La carga positiva está neutralizada con un contraión 
pequeño y móvil, generalmente hexafluorofosfato o tetrafluoroborato. Al 
contrario que los semiconductores orgánicos, de naturaleza fluorescente, el alto 
acoplamiento spin-órbita presente en los Ir-iTMCs debido a la presencia de 
átomos pesados promueve que la eficiencia del cruce intersistema (ISC) entre 
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los estados excitados singlete y triplete sea máxima resultando en emisión 
fosforescente. En los Ir-iTMCs, los orbitales moleculares frontera HOMO y 
LUMO residen en diferentes entornos moleculares. El HOMO está formado por 
una mezcla de orbitales dπ del metal y de orbitales π del fenilo de los ligandos 
C^N (Figura 2b), mientras que el LUMO está localizado en el ligando N^N 
(Figura 2c).48-49 Esta distribución espacial de los orbitales moleculares frontera 
permite modificar independientemente la energía de ambos mediante la 
modificación química de los ligandos. El uso de sustituyentes 
atrayentes/dadores de electrones en los ligandos C^N estabiliza/desestabiliza la 
energía del HOMO, mientras que el uso de sustituyentes dadores/atrayentes de 
electrones en el ligando N^N desestabiliza/estabiliza la energía del LUMO (ver 
Figura 3).13, 15, 57-58 
Todas las capas de un dispositivo LEC son depositadas desde 
disolución de los componentes en disolventes benignos a excepción del 
electrodo superior metálico, el cual es depositado mediante evaporación 
térmica en vacío. Para la deposición de las capas a escala de laboratorio, se usa 
un “spin coater”, cuyo equivalente a nivel industrial serían las técnicas de roll-
to-roll (R2R), “inkjet printing”, “spray-sintering, “slot-die” o “blade-coating” 
entre otras.61-65 Entre las estructuras más usadas en los dispositivos LEC 
destacan las de tipo sándwich,25 plana67-69 o en cascada.70 La estructura tipo 
sándwich consiste en una o dos capas orgánicas/organometálicas intercaladas 
entre un óxido conductor transparente (TCO) y un electrodo metálico de alta 
función de trabajo (estable al aire) como el aluminio o el oro. Una de las 
ventajas de los dispositivos LEC, en contraste a la tecnología OLED, es que no 
se requiere el uso de metales de baja función de trabajo, los cuales son 
extremadamente inestables en aire, y por lo tanto no es necesaria la 
encapsulación del dispositivo. En concreto, un dispositivo LEC con estructura 
tipo sándwich (Figura 4) está constituido por una capa inyectora de huecos 
formada por el polímero poli(3,4-etilendioxitiofeno):poliestirenosulfonato 
(PEDOT:PSS), que ayuda a hacer plana la superficie del TCO (ITO) y aumenta 
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el rendimiento de la preparación de los dispositivos, seguido por una capa del 
material emisor de luz. La capa emisora de luz está compuesta por una mezcla 
de iTMC y una sal de litio72-75 o líquido iónico (IL).76-77 La adición de estas 
sales aumenta la densidad de iones móviles, así como la movilidad iónica, 
ayudando a la migración de iones y acelerando el tiempo de encendido de los 
dispositivos. Para aumentar la homogeneidad de las capas y aumentar el 
rendimiento cuántico de fotoluminiscencia disminuyendo la desactivación de 
la emisión (quenching) que ocurre debido a altas concentraciones empleadas, 
el iTMC puede ser dispersado en un polímero inerte, como polimetilmetacrilato 
(PMMA).27  
El mecanismo de operación que rige el comportamiento de los 
dispositivos LEC69, 87 consiste en la disociación y migración de los iones 
presentes en la capa emisora hacia los respectivos electrodos al aplicar una 
diferencia de potencial. Estos iones forman una doble capa eléctrica (EDL) en 
ambos electrodos reduciendo la barrera energética de inyección de las cargas 
en ambos electrodos y facilitando la inyección de las mismas. La capa emisora 
se empieza a oxidar y reducir formando regiones dopadas altamente 
conductoras tipo p- y n-. Tras la formación de estas capas dopadas, la inyección 
de carga está favorecida y gradualmente la corriente en el dispositivo y la 
emisión de luz se incrementan. Durante la operación del dispositivo, es 
inevitable el crecimiento de las capas dopadas en detrimento de la zona neutra 
central produciendo un incremento de la desactivación de los excitones y 
disminuyendo la luminancia en el dispositivo hasta que finalmente no se 
produce emisión de luz. Por lo tanto, el mecanismo de operación de los 
dispositivos LEC conlleva que estos dispositivos sean autolimitantes. 
A día de hoy la tecnología LEC todavía presenta una serie de 
limitaciones que tienen que ser superadas como: 1) la reducción del tiempo de 
encendido, 2) el aumento de la eficiencia del dispositivo junto con los niveles 
de luminancia, 3) la mejora de la estabilidad del dispositivo y 4) la obtención 
de emisión en el azul y en el rojo. 
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Debido a que la estabilidad de un dispositivo LEC es el resultado de 
una luminancia estable en el tiempo procedente del complejo iónico de Ir y del 
empleo de corriente pulsada como modo de operación,88-89 en este capítulo se 
trató de mejorar la estabilidad de dispositivos LEC emisores en el rojo mediante 
modificación del ligando secundario y la aplicación de corriente pulsada. 
2.2. Método experimental  
En este capítulo de la tesis se han fabricado y caracterizado dispositivos 
LEC a partir de Ir-iTMCs sintetizados, purificados y caracterizados por los 
grupos del Profesor Dr. Edwin C. Constable y la Profesora Dra. Catherine E. 
Housecroft de la Universidad de Basel (Suiza) (complejos 1‒6) y por el grupo 
del Profesor Eli Zysman Colman de la Universidad de St. Andrews (Reino 
Unido) (complejos 7 y 8) (ver Figura 7). 
El procesado, preparación y caracterización de los dispositivos LEC fue 
llevado a cabo en una sala limpia de clase 10000 (Figura 8). Todos los 
materiales empleados en este trabajo están disponibles comercialmente y se 
utilizaron sin purificación posterior a su adquisición. El estudio de las 
propiedades fotofísicas de los complejos 1‒8 se llevó a cabo en estado sólido, 
depositando el material sobre un sustrato de cuarzo obteniendo capas delgadas 
de igual composición y espesor que la capa activa usada en los dispositivos 
LEC. Una vez preparada la muestra, el espectro de fotoluminiscencia y el 
rendimiento cuántico fueron obtenidos excitando cada muestra en una esfera 
integradora modelo C9920-02 Absolute PL Quantum Yield Measurements. 
Los dispositivos LEC fabricados en este estudio tienen la siguiente 
arquitectura tipo sándwich (ver Figura 4): ITO/PEDOT:PSS(80 
nm)/complejo(1‒8):IL(100 nm)/Al(80 nm). El proceso de preparación 
consistió en la deposición de una capa de 80 nm de PEDOT:PSS mediante spin-
coating sobre un sustrato de ITO previamente limpiado, seguido de la 
deposición de la capa activa de 100 nm de espesor. La capa activa fue 
depositada también por spin-coating desde una disolución de los complejos (1‒
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8) mezclados con el líquido iónico [Bmim][PF6] en una relación molar 
complejo:IL de 4 a 1. El líquido iónico fue utilizado para reducir el tiempo de 
encendido del dispositivo y mejorar su rendimiento.76 Además, en las 
disoluciones de los complejos 2 y 4 se añadió PMMA (2% en peso respecto a 
los demás componentes de la disolución) para mejorar el recubrimiento y 
homogeneidad de la capa. Para terminar el dispositivo, una capa de aluminio 
de 70 nm fue depositada mediante evaporación térmica en vacío. La 
caracterización de los dispositivos LEC se realizó utilizando corriente pulsada 
(onda cuadrada, 1000 Hz, 50% ciclo de trabajo). Los dispositivos LEC 1‒6 
fueron estudiados a una densidad de corriente media de 100 A m‒2, el 
dispositivo LEC 1 a 300, 700, 1250 y 1500 A m‒2 y los dispositivos LEC 7 y 8 
a 400 A m‒2. La aplicación de la corriente y la medida de la luminancia y el 
voltaje frente al tiempo fueron realizadas en el equipo Botest OLT OLED 
Lifetime-Test System, y la irradiancia fue medida usando una esfera 
integradora (UDT Instruments, modelo 2525LE) acoplada a un sensor 
radiométrico (UDT Instruments, modelo 247) y un optómetro UDT 
Instruments, modelo S370). 
2.3. Resultados y discusión 
El estudio se llevó a cabo utilizando una familia de Ir-iTMCs derivados 
del complejo [Ir(ppy)2(btzpy)][PF6] (Hppy = 2-fenilpiridina; btzpy = 2-(piridin-
2-il)benzo[d]tiazol). Los espectros de fotoluminiscencia de las capas delgadas 
correspondientes a los complejos 1‒8 obtenidos bajo iluminación (λexc = 320 
nm) presentaron longitudes de onda máximas de emisión desde el rojo (625 nm 
para el complejo 6) hasta el infrarrojo cercano (707 nm para el complejo 7) 
(Tabla 1). Los correspondientes rendimientos cuánticos de fotoluminiscencia 
son bajos en todas las muestras (< 18%), correspondiendo el mayor valor de 
PLQY observado al complejo 2 (PLQY de 17,6%) y los menores a los 
complejos 3, 5 y 7 (PLQYs de 9,7, 5,8 y 5%, respectivamente) (Tabla 1). Estos 
bajos valores de PLQY pueden ser consecuencia de la ley de banda de energía 
prohibida (“energy gap law”).100-101 
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Los espectros de electroluminiscencia (EL) de los dispositivos 
estudiados presentan emisión en el rojo para los LECs 1‒6 y 8 con 𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥  a 
636, 642, 651, 648, 655 y 598 (LECs 1‒6), respectivamente, y 661 nm para el 
LEC 8 (Figura 9a) y emisión en el infrarrojo para el LEC 7 con 𝜆𝑒𝑚,𝐸𝐿
𝑚𝑎𝑥  a 705 
nm (Figura 9b). Estos dispositivos electroluminiscentes son interesantes ya que 
hasta la fecha muy pocos ejemplos de LECs emisores en el rojo y en infrarrojo 
cercano han sido publicados, y muy pocos ejemplos presentan emisión en el 
rojo puro. Las coordenadas de la Commision Internationale de l’Eclairage (CIE 
coord.) obtenidas para los dispositivos 3, 5 y 6 presentan coordenadas CIE 
coincidentes con las del rojo puro (0,66; 0,33). 
La evolución temporal de la luminancia y el voltaje del dispositivo fue 
evaluada bajo aplicación de corriente pulsada (Figura 10). Los parámetros clave 
del rendimiento de los dispositivos LEC 1‒8 están presentados en la Tabla 2. 
El dispositivo LEC 1 presenta una luminancia máxima de 77 cd m‒2 alcanzada 
a las 54 h junto con un tiempo de vida (t1/2) que excede las 1000 h. El largo 
tiempo requerido para alcanzar la luminancia máxima junto con el largo tiempo 
de vida implican que el movimiento iónico en el dispositivo y el crecimiento de 
las capas dopadas es lento. El dispositivo LEC 2 presenta la luminancia máxima 
más alta de la serie con 200 cd m‒2 alcanzada a las 870 h junto con un notable 
aumento en estabilidad con un tiempo de vida que alcanza las 6000 h. Las 
superiores prestaciones del dispositivo LEC 2 determinan que este dispositivo 
no sólo es el mejor de la serie, sino que es el dispositivo LEC emisor en el rojo 
más estable publicado hasta la fecha, ya que el dispositivo emisor en el rojo 
más estable publicado hasta ese momento presentaba un tiempo de vida de 280 
h.102 El tiempo de encendido en ambos dispositivos (LECs 1 y 2) es similar; sin 
embargo, la luminancia en el LEC 2 continúa aumentando con el tiempo, 
indicando que la inyección de carga no es óptima y que el balance entre las 
cargas se alcanza lentamente. Este hecho podría indicar que el movimiento 
iónico es lento y produce un crecimiento muy lento de las zonas dopadas en el 
tiempo llegando a ser beneficioso para la estabilidad del dispositivo. La mayor 
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luminancia obtenida en el LEC 2 es debido al mayor valor de PLQY medido en 
estado sólido para el complejo 2 (17,6%) en comparación con el complejo 1 
(11%). El dispositivo 3 presenta una luminancia máxima (119 cd m‒2) y un 
tiempo de vida mayor (t1/2 > 4500 h) que el complejo 1, aunque el complejo 1 
presente menor PLQY en estado sólido (9,7%) en comparación con el complejo 
1 (11%). Sin embargo, cuando el tamaño de los sustituyentes aumenta 
(complejos 4 y 5), la estabilidad de los correspondientes dispositivos se ve 
reducida cayendo a valores de decenas de horas. El reemplazo del átomo de 
azufre en la unidad de benzotiazol (LEC 1) por un átomo de oxígeno (LEC 6) 
no afecta a la luminancia máxima alcanzada (Lmax = 77 and 97 cd m‒2, 
respectivamente) pero sí afecta negativamente a la estabilidad y la eficiencia 
del dispositivo. En los dispositivos LEC 4‒6, el tiempo requerido para alcanzar 
la máxima luminancia y el tiempo de encendido son casi cuatro veces más 
rápidos que los LECs 1‒3, corroborando la hipótesis de que el rápido 
crecimiento de las capas dopadas incrementa la desactivación de los excitones. 
El dispositivo LEC 7 fue fabricado desde una disolución en metil etil 
cetona/anisol 3:2. Sin embargo, este dispositivo no emitió luz al aplicar la 
corriente pulsada probablemente debido a la mala calidad de la capa que se 
obtiene como consecuencia de la baja solubilidad del complejo en el disolvente. 
El uso de diclorometano como disolvente mejoró la solubilidad del complejo 
produciendo una capa más uniforme después de su deposición por spin-coating. 
El dispositivo 7 accionado con una densidad de corriente media de 400 A m‒2 
presentó una irradiancia máxima de 262 μW cm‒2 y un t1/2 de 80 h (LEC 7), 
mientras que el LEC 8 presentó una luminancia máxima de 59 cd m‒2 y un t1/2 
de 0,24 h. La presencia de bencenos fusionados en el ligando secundario (LECs 
1‒6, 8) parece ser beneficiosa para la estabilidad del dispositivo. Por otra parte, 
la presencia de un catión más grande (complejo 7) en comparación con el 
complejo 8, reduce el movimiento iónico en la capa activa durante la operación, 
disminuyendo la desactivación del excitón y aumentando el tiempo de vida. 
Además, el tiempo requerido para alcanzar la luminancia máxima es 
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significativamente mayor en el LEC 7 (0,8 h) en comparación con el LEC 8 (< 
5 s), indicando un movimiento iónico más lento y favoreciendo la estabilidad. 
Debido a que los dispositivos LEC emiten en el rojo, solo una parte de 
la emisión es visible al ojo humano, por lo que la eficiencia del dispositivo se 
expresa más adecuadamente en términos de eficiencia cuántica externa 
(EQEEL). Los mayores valores obtenidos para la serie de complejos estudiada, 
medidos a densidad de corriente media de 100 A m‒2, corresponden a los LECs 
2 y 3 con valores de EQEEL de 2 y 1,49%, respectivamente, mientras que los 
LECs 1, 4, 5 y 6 presentan valores de EQEEL de 0,7, 1,04, 0,14 y 0,55%, 
respectivamente. Los LECs 7 y 8 evaluados a 400 A m‒2, obtienen valores de 
EQEEL de 0,37 y 0,23%, respectivamente. Aunque los valores obtenidos son 
bajos en comparación al máximo de 9,51% publicado para el LEC emisor en el 
rojo más eficiente,93 estas eficiencias son considerablemente altas si se tienen 
en cuenta los bajos valores de PLQY que presentan los complejos en estado 
sólido. 
El dispositivo LEC 1 fue seleccionado para estudiar su estabilidad en 
condiciones de operación extremas, empleando altas densidades de corriente 
medias desde 300 hasta 1500 A m‒2 (Figura 12). Se observó que en los 
dispositivos que operaban a las más altas densidades de corriente, el 
decaimiento de la luminancia era mínimo en el intervalo de tiempo estudiado, 
presentando una dependencia lineal en el rango de 100 a 700 A m‒2 y 
aumentando, aunque de manera no lineal, a más altas densidades de corriente. 
Este tipo de tendencia lineal ya se había observado a bajas diferencias de 
corriente, pero nunca a valores tan altos, indicando que en el dispositivo LEC 
1 existe poca desactivación excitón-excitón o excitón-polarón hasta altas 
densidades de corriente de 700 A m‒2. Además, la luminancia puede verse 
modificada por la densidad de corriente aplicada.  
También se observó que, aumentando la densidad de corriente aplicada 
al dispositivo, el tiempo de encendido se puede reducir desde 500 s hasta 5 s al 




En este capítulo de la tesis se han fabricado y estudiado ocho 
dispositivos LEC emisores de luz en el rojo. En la serie estudiada, han 
destacado los dispositivos 1‒3, los cuales presentan una estabilidad muy alta 
con tiempos de vida que exceden las 1000, 6000 y 4000 horas, respectivamente. 
Estos valores de tiempo de vida son los más largos publicados hasta la fecha en 
dispositivos LEC emisores en el rojo. Además, se ha demostrado la posibilidad 
de aumentar los niveles de luminancia del dispositivo aumentando la densidad 
de corriente aplicada a valores extremos, sin que dicho aumento conlleve una 
pérdida de estabilidad y, además, obteniendo una respuesta rápida de 
encendido.  
Los resultados obtenidos en este trabajo se publicaron en los siguientes 
artículos científicos (FI = Factor de impacto (Science Citation Reports, Web of 
Science), Q = Cuartil): 
Artículo 1. Ertl, C. D.;‡ Momblona, C.;‡ Pertegás, A.; Junquera-Hernández, J. 
M.; La-Placa, M.-G.; Prescimone, A.; Ortí, E.; Housecroft, C. E.; Constable, E. 
C.; Bolink, H. J., Highly stable red-light-emitting electrochemical cells. 
Journal of the American Chemical Society 2017, 139 (8), 3237-3248. (‡ 
igualmente contribuido). (FI: 13.858, Q1). 
Artículo 2. Pal, A. K.; Cordes, D. B.; Slawin, A. M. Z.; Momblona, C.; 
Pertegás, A.; Ortí, E.; Bolink, H. J.; Zysman-Colman, E., Simple design to 
achieve red-to-near-infrared emissive cationic Ir(III) emitters and their use in 
light-emitting electrochemical cells. RSC Advances 2017, 7 (51), 31833-31837. 












Capítulo tres: Células solares basadas en perovskita 
3.1. Introducción 
Las perovskitas de haluro metálico han emergido en los últimos años 
como un revolucionario material semiconductor para aplicaciones 
optoelectrónicas.130-134 En menos de una década de su aplicación en células 
solares, las células solares de perovskita han alcanzado eficiencias superiores 
al 22%.135 Las altas eficiencias alcanzadas junto con el bajo coste de los 
materiales de partida y los múltiples métodos de procesado existentes hacen 
factible la pronta comercialización de este tipo de dispositivos.  
Las perovskitas orgánicas-inorgánicas poseen propiedades eléctricas y 
ópticas excepcionales que las convierte en excelentes candidatos como 
materiales semiconductores absorbentes/emisores de luz. En concreto, las 
perovskitas poseen un alto coeficiente de absorción con un comienzo abrupto 
de la absorción,137 conducción ambipolar con movilidades de electrones y 
huecos balanceadas,138 altas longitudes de difusión de las cargas 
fotogeneradas,139-141 bajos niveles de densidad de defectos o trampas142 y una 
baja energía de enlace del excitón.143-145 Las perovskitas 3D tienen una fórmula 
general ABX3, en la que el octahedro formado por una unidad de haluro 
metálico (BX6) se extiende en las tres dimensiones, y un catión pequeño A se 
introduce en los huecos intersticiales (Figura 14). La perovskita arquetipo está 
compuesta por un catión A monovalente orgánico o inorgánico (metilamonio 
CH3NH3+ o MA+, formamidinio NH2CH=NH2+ o FA+, cesio Cs+), un catión B 
divalente (Pb2+ o Sn2+) y un haluro X (Cl‒, Br‒, I‒),148-150 siendo la composición 
MAPbI3 la más ampliamente estudiada y aplicada en células solares. 
La estructura electrónica viene determinada por una mezcla de orbitales 
np6, siendo n el número quántico principal (Cl: n = 3, Br n = 4, I n = 5) y 
orbitales ns2 del metal (Ge: n = 4, Sn n = 5, Pb n = 6) en la banda de valencia y 
la banda de conducción por los orbitales np6 vacíos del metal. Por lo tanto, el 
catión orgánico/inorgánico no afecta a la estructura electrónica de manera 
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directa.160-162 La banda prohibida puede ser modulada desde el infrarrojo 
cercano hasta el ultravioleta cercano sustituyendo la composición de alguna de 
las tres posiciones: A, B y/o X. 
Las perovskitas pueden ser sintetizadas mediante una amplia variedad 
de técnicas, que incluyen desde disolución hasta su deposición en vacío o una 
combinación de ambas. Las propiedades de las capas varían dependiendo del 
método de deposición empleado, por lo que para comprender las propiedades, 
una descripción exhaustiva del proceso de preparación es necesaria.  
En la deposición por disolución, los precursores son disueltos en un 
disolvente orgánico y la capa es depositada por métodos de revestimiento como 
spin-, dipping- y doctor blade-coating o de impresión.184 Este proceso puede 
hacerse por deposición en un paso o en dos. En la deposición en un paso, los 
precursores son disueltos en disolventes polares de alta temperatura de 
ebullición y la disolución es depositada mediante spin-coating. Posteriormente, 
un tratamiento térmico es necesario para la conversión a perovskita.189-191 Para 
mejorar la calidad de la capa, normalmente se añade, junto con los precursores 
un aditivo179, 192-197 o se adiciona un disolvente que no disuelva la perovskita en 
los últimos segundos del proceso de spin-coating.198-200 En la deposición en dos 
pasos, primero se deposita una capa de PbI2 y posteriormente se convierte a 
perovskita mediante exposición a una disolución o vapor de MAI.201-204 
En la deposición en vacío, los precursores son situados en crisoles 
cerámicos y calentados en vacío (1 × 10‒5 – 1 × 10‒6 mbar) hasta su temperatura 
de sublimación (Figura 15). Los espesores y velocidades de evaporación son 
monitorizados mediante microbalanzas de cuarzo (QCM) situadas en el interior 
de la cámara de vacío. La composición química de la capa depositada es 
controlada mediante la relación entre las velocidades de evaporación de cada 
uno de los precursores, mientras que la morfología es controlada por la 
velocidad total de evaporación usada. Diferentes técnicas de deposición en 
vacío han sido utilizadas para preparar capas de perovskita, entre ellas se 
encuentran el closed space vapour transport (CSVT),207 la deposición química 
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en fase vapor (CVD),208-209 la evaporación flash210-211 o deposición de capa 
atómica (ALD).213-214 
Las principales ventajas de utilizar las técnicas de deposición en vacío 
son: uso de materiales sublimados intrínsecamente más puros, control preciso 
sobre espesor, estequiometría y morfología de la capa, compatible con 
deposición en áreas grandes, fabricación de multicapas, baja temperatura en el 
sustrato durante fabricación, eliminación de disolventes y empleo de una 
técnica ampliamente en la industria semiconductora. 
El principio básico de operación de una célula solar consiste en tres 
procesos: absorción de luz, separación de cargas y transporte y extracción de 
cargas. 
Un buen absorbente de luz debe tener una banda prohibida directa y un 
alto coeficiente de absorción. Dependiendo de la permitividad del material, las 
cargas estarán atraídas formando un excitón o como cargas libres. A pesar del 
amplio rango de valores de energía de enlace del excitón publicados (de 2 a 62 
meV a temperatura ambiente),145, 280-283 todo parece indicar que las especies 
generadas después de la fotoexcitación en MAPbI3 son cargas libres. Una vez 
que las cargas están disociadas, hay que dirigir el flujo de electrones y huecos 
hacia los respectivos electrodos. Para ello, hay dos estrategias, la presencia de 
una unión p-n o el uso de capas selectivas de cargas depositadas en contacto 
con la capa absorbente de luz. Durante la tesis se utilizará la segunda estrategia, 
donde la capa de perovskita estará depositada entre una capa transportadora de 
huecos (HTL) y otra transportadora de electrones (ETL) (Figura 16). Estas 
capas tienen que estar formadas por materiales con una energía del HOMO, en 
el caso del HTL, y del LUMO, en el del ETL, que estén alineadas con la banda 
de valencia (VB) y la de conducción (CB) de la capa absorbente de luz, 
respectivamente. 
Dependiendo de la secuencia de las capas en el dispositivo, las células 
solares se pueden catalogar en p-i-n o n-i-p empezando por la capa por la que 
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incide la luz. “p” y “n” se refieren a las capas transportadoras de huecos y de 
electrones, respectivamente, e “i” a la capa de perovskita. La estructura p-i-n (o 
“invertida”) (Figura 20a y 20b) deriva de las células solares orgánicas, donde 
una capa de PEDOT:PSS es utilizada como HTL como contacto frontal y una 
capa de PCBM como ETL. La estructura n-i-p (o “regular”) (Figura 20c y 20d) 
deriva de las células solares sensibilizadas por colorantes, donde el óxido TiO2 
es el ETL como contacto frontal y el spiro-OMeTAD es utilizado como HTL.  
Estado del arte 
Las células solares de perovskita están alcanzado las eficiencias de 
células solares fabricadas con silicio cristalino (26%).237 Hasta la fecha, las 
células solares más eficientes tienen eficiencias del 22,1% en áreas pequeñas 
(0,09 cm2),238 del 12,1% en un módulo de 36,1 cm2,239 y del 23,6% en el caso 
de una célula solar tándem monolítica perovskita/Si.240 Además, se ha obtenido 
el 18% de eficiencia en una célula solar flexible con área 0,1 cm2.241 Sin 
embargo, su estabilidad a largo plazo y la toxicidad del plomo empleado en su 
fabricación son dos problemas a resolver para su aplicación. La transición a 
perovskitas con composición multicomponente (multicatión/multihaluro) 
representa una vía para aumentar la estabilidad.242-245 Sin embargo, el 
reemplazo del plomo por otro metal menos tóxico es todavía un reto y está 







3.2. Mejora de la eficiencia de las células solares de perovskita mediante 
el aumento de la luz absorbida por efecto del espesor de la capa 
absorbente 
3.2.1. Introducción 
La mayoría de las células solares de perovskita publicadas en los 
primeros años de estudio utilizaban una estructura mesoscópica (ver Figura 20a 
y 20d) de un óxido metálico transportador de electrones (Figura 20d), la cual 
requiere un tratamiento térmico a alta temperatura, siendo incompatible con su 
deposición en sustratos plásticos. La alternativa utilizada actualmente es la 
fabricación de células solares tipo p-i-n donde la perovskita se deposita entre 
capas orgánicas planas cuyo procesado no requiere alta temperatura (Figura 
20b). Anteriormente nuestro grupo de investigación depositó en vacío una capa 
de perovskita MAPbI3 entre finas capas de materiales selectivos de carga, 
PEDOT y polyTPD como materiales transportadores de huecos y PCBM como 
material transportador de electrones.152 PolyTPD y PCBM fueron 
seleccionados para bloquear electrones y huecos, respectivamente, debido al 
buen alineamiento de sus niveles energéticos HOMO y LUMO con las bandas 
de valencia y de conducción de la perovskita, respectivamente, alcanzando 
valores de eficiencia mayores de 12%.152 
Debido al buen rendimiento fotovoltaico obtenido con una capa 
relativamente fina de MAPbI3 de 285 nm, un aumento de la fotocorriente 
generada sería esperable con mayores espesores si la longitud de difusión de 
las cargas es suficientemente alta en la capa de perovskita. Dependiendo del 
método de preparación, valores muy diferentes de longitud de difusión de 
cargas han sido publicados para MAPbI3, desde 100 a 1000 nm.139-140, 250 
Aceptando el valor máximo de 1000 nm, una célula solar con una capa 
absorbente de luz de ese espesor podría ser posible.  
Una de las ventajas de la deposición de perovskita en vacío es el control 
preciso sobre el espesor de la capa. Por lo tanto, en este trabajo se han preparado 
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capas de entre 210 y 900 nm de MAPbI3 en vacío y se han implementado en 
células tipo p-i-n. El efecto del espesor de MAPbI3 en la respuesta fotovoltaica 
fue evaluado observando un aumento de JSC y una disminución de FF al 
aumentar el espesor de la capa absorbente de luz. La oxidación parcial de la 
capa de polyTPD en celdas con 900 nm de perovskita favoreció la recuperación 
del FF y de la eficiencia obteniéndose valores similares a los máximos 
alcanzados con espesores menores de perovskita. El mantenimiento de la 
eficiencia demuestra que con capas orgánicas no limitantes, el rendimiento de 
la célula solar es independiente de la capa absorbente de luz y que la longitud 
de difusión de carga no es limitante en la capa de perovskita. 
3.2.2. Método experimental  
Los materiales empleados en este trabajo, a excepción del CH3NH3I, 
están disponibles comercialmente y se utilizaron sin purificación posterior a su 
adquisición.  
La capa de perovskita fue depositada por coevaporación térmica en 
vacío de los precursores PbI2 y CH3NH3I. Los materiales fueron introducidos 
en crisoles cerámicos, colocados sobre fuentes de evaporación y calentados a 
sus correspondientes temperaturas de sublimación en una cámara de vacío a 1 
× 10‒5 – 1 × 10‒6 mbar (Figura 15). Los sustratos están colocados 20 cm por 
encima de los crisoles cerámicos. Por debajo de los sustratos, se dispone un 
obturador “shutter” que se mantiene cerrado hasta que la proporción óptima de 
PbI2:CH3NH3I es alcanzada. Debido a que el material CH3NH3I forma capas no 
uniformes y blandas, la temperatura del CH3NH3I fue mantenida constante a 70 
ºC y, una vez la lectura en el sensor está estabilizada, se calienta el PbI2. La 
proporción PbI2:CH3NH3I óptima se determinó mediante la caracterización de 
la capa depositada mediante difracción de rayos X. Las temperaturas óptimas 
de deposición obtenidas fueron 250 ºC para el PbI2 y 70 ºC para el CH3NH3I. 
El proceso fue controlado mediante tres microbalanzas de cuarzo (QCM) 
situadas en el interior de la cámara, dos para monitorizar el espesor/velocidad 
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de evaporación de los precursores y una para la deposición de la capa de 
perovskita. 
Las capas finas de MAPbI3 evaporadas en vacío fueron implementadas 
en células solares tipo p-i-n con la estructura: ITO/PEDOT:PSS/polyTPD(o 
polyTPD-dopado)/MAPbI3/PCBM/Au (Figura 21). El proceso de preparación 
consistió en la deposición de una capa de 80 nm de PEDOT:PSS mediante spin-
coating sobre un sustrato de ITO previamente limpiado, seguida de la 
deposición de una capa de 20 nm de polyTPD o polyTPD dopado con AgSbF6 
(0,05% molar). Posteriormente, se depositó en vacío una capa evaporada de 
perovskita con un rango de espesores entre 210 y 900 nm en el correspondiente 
dispositivo. Para terminar el dispositivo, se depositaron 20 nm de una capa de 
PCBM mediante meniscus coater y 70 nm de una capa de aluminio mediante 
evaporación térmica en vacío. 
La absorción óptica de las distintas capas se midió con un 
espectrofotómetro Avantes Avaspec 2048, y el espesor de las mismas con un 
perfilómetro Ambios XP1. Las capas se caracterizaron por difracción de rayos 
X de haz rasante (GIXRD) en un difractómetro de polvo analítico PAN 
Empyrean, usando radiación Cu Kαl. Las curvas J−V y la EQEPV se midieron 
en un Simulador MiniSum de ECN the Netherlands. Las medidas en función de 
la intensidad de luz se realizaron colocando filtros neutros (LOT-
QuantumDesign GmbH) entre la fuente de luz y el dispositivo. Todas las 
caracterizaciones fueron realizadas en atmósfera de nitrógeno. 
3.2.3. Resultados y discusión 
Las propiedades ópticas y la cristalinidad de las capas evaporadas de 
MAPbI3 fueron medidas para evaluarlas como capas absorbentes de luz antes 
de implementarlas en células solares. Todas las capas evaporadas de MAPbI3 
presentaron un principio de absorción a 790 nm, correspondiente a un valor de 
banda prohibida de ~1,5 eV. En la Figura 22 se observa que el aumento de la 
absorción (a 760 nm) es prácticamente lineal con el espesor de la capa de 
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perovskita. El difractograma de rayos X (Figura 23) presenta los picos típicos 
de la estructura tetragonal de la perovskita. Aunque existen pequeñas 
variaciones entre los difractogramas, es conocido que la MAPbI3 tolera 
pequeñas variaciones de su composición por lo que el rendimiento del 
dispositivo no se verá afectado por dichas variaciones.256-257 
Debido a las buenas propiedades de las capas evaporadas de MAPbI3, 
éstas fueron implementadas en células solares tipo p-i-n con la estructura: 
ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au (Figura 21a). Si se observa el 
diagrama de niveles de energía (Figura 24a), el desajuste energético entre la 
capa de PCBM y el electrodo superior (Au) se minimiza debido a que se 
produce un dipolo interfacial favoreciendo la extracción de las cargas. El 
rendimiento fotovoltaico de las células solares fue evaluado mediante curvas 
J−V bajo iluminación de 1 sol (100 mW cm‒2) y los parámetros extraídos de las 
curvas se presentaron en la Figura 25 y Tabla 3. La fotocorriente generada (JSC) 
aumenta al aumentar la absorción de luz al aumentar el espesor de la capa 
absorbente de luz de 200 a 400 nm, y continúa aumentando más lentamente 
hasta alcanzar un espesor de 900 nm (Figura 25). El incremento de JSC es de un 
5% frente a un aumento del 25% de la absorbancia de luz al aumentar el espesor 
en el rango de 400 nm a 900 nm (Figura 22), indicando que la eficiencia de 
absorción se incrementa en dispositivos con espesores más grandes mientras 
que la eficiencia de recolección se reduce. El VOC permanece constante para 
dispositivos con espesores de perovskita entre 200 y 400 nm y disminuye cerca 
de un 10% para dispositivos con espesores mayores. Sin embargo, el FF es el 
parámetro que más se ve afectado, disminuyendo al aumentar el espesor de la 
capa de perovskita, lo cual influye negativamente en la eficiencia del 
dispositivo. 
Al disminuir la intensidad de luz incidente en un dispositivo con una 
capa de perovskita relativamente gruesa (Tabla 4), el FF mejora desde un 49% 
a un 61%, lo cual indica que el factor limitante de la eficiencia es la extracción 
de carga y no la densidad de defectos o trampas presentes en la perovskita. Esta 
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limitación en la extracción de carga puede deberse a la diferencia de movilidad 
de los huecos en la capa de polyTPD en comparación con la capa de perovskita. 
Para aumentar la extracción de cargas, la capa de polyTPD fue parcialmente 
oxidada aumentando así su movilidad. Para ello, se fabricó una célula solar tipo 
p-i-n con 900 nm de espesor y estructura ITO/PEDOT:PSS/polyTPD 
dopado/MAPbI3/PCBM/Au (Figura 21b). El dispositivo presenta una 
recuperación del FF, un valor similar de VOC y JSC comparado con el dispositivo 
con la capa de polyTPD sin dopar (Figura 26). Debido a esta mejora en el 
rendimiento del dispositivo, se obtuvo una eficiencia del 12% alcanzando los 
mejores valores reportados para dispositivos con una capa de perovskita de 285 
nm. 
3.2.4. Conclusiones 
En este estudio se fabricaron una serie de dispositivos tipo p-i-n con 
diferentes espesores para la capa de perovskita absorbente de luz (MAPbI3) 
depositada en vacío. El dispositivo más eficiente (12,7%) con una capa no 
dopada transportadora de huecos se obtuvo con un espesor de capa de 
perovskita de 300 nm. Al aumentar el espesor de la capa absorbente de luz hasta 
900 nm, la eficiencia del dispositivo se vio negativamente afectada 
disminuyendo hasta un valor de 7,2%. Sin embargo, si el material transportador 
de huecos (polyTPD) se dopa ligeramente, el dispositivo recupera la eficiencia 
(12%) comparado con la célula solar más eficiente de la serie (12,7%) fabricada 
con una capa de perovskita más fina. 
Los resultados obtenidos demuestran que las cargas fotogeneradas en 
la capa de perovskita no se ven afectadas por pérdidas de recombinación 
significativas en capas muy gruesas, corroborando los altos valores de 
longitudes de difusión de las cargas. En este trabajo se demuestra que el 
rendimiento de la célula solar es prácticamente independiente del espesor de la 
capa de perovskita para valores entre 300 y 900 nm.  
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Los resultados obtenidos en este trabajo se publicaron en el siguiente 
artículo científico (FI = Factor de impacto (Science Citation Reports, Web of 
Science), Q = Cuartil): 
Artículo. Momblona, C.; Malinkiewicz, O.; Roldán-Carmona, C.; Soriano, A.; 
Gil-Escrig, L.; Bandiello, E.; Scheepers, M.; Edri, E.; Bolink, H. J., Efficient 
methylammonium lead iodide perovskite solar cells with active layers from 300 

















3.3. Células solares totalmente evaporadas altamente eficientes tipo p-i-
n y n-i-p 
3.3.1. Introducción 
La comprensión de las propiedades y limitaciones de las capas 
selectivas de cargas adyacentes a la capa de perovskita es de gran importancia 
para el desarrollo de células solares de alta eficiencia. Las estrategias utilizadas 
para mejorar la extracción de cargas han sido el uso de capas muy finas o el 
aumento de la movilidad de las cargas mediante oxidación o reducción parcial 
(dopado) de la capa. Una alternativa para aumentar la conductividad de las 
capas de extracción de cargas consiste en el uso de capas de semiconductores 
orgánicos dopados. El uso de dopantes moleculares mediante coevaporación 
reduce la tendencia a difundir en el semiconductor y la conductividad puede 
aumentar del orden de varios órdenes de magnitud variando la concentración 
de dopante. Los dopantes moleculares han sido típicamente utilizados en 
OLEDs y en células solares orgánicas, ya que presentan temperaturas de 
sublimación apropiadas entre 100 y 400 ºC y proporcionan un dopado más 
estable.  
En esta parte de la tesis, se han fabricado células solares donde todas 
sus capas han sido depositadas en vacío, donde la capa de MAPbI3 ha sido 
depositada entre dos capas dobles de extracción de cargas. Cada una de las 
capas está compuesta por una fina capa intrínseca de material semiconductor 
actuando como capa transportadora de cargas y una capa más gruesa consistente 
en el mismo material semiconductor parcialmente oxidado (en el caso del 
transportador de huecos) o reducido (en el caso de la capa transportadora de 
electrones). Esta secuencia de capas ha sido preparada en células solares tipo 
p-i-n y n-i-p permitiendo por primera vez una comparación directa entre ambos 
tipos de dispositivos. El efecto y función de las capas no dopadas y dopadas en 




3.3.2. Método experimental 
Todos los materiales empleados en este trabajo están disponibles 
comercialmente y se utilizaron sin purificación posterior a su adquisición. Se 
seleccionó el F6-TCNNQ como dopante molecular del material transportador 
de huecos TaTm y el PhIm como el dopante para el material transportador de 
electrones C60, debido a sus adecuadas temperaturas de sublimación en vacío. 
Se fabricaron dos tipos diferentes de células solares planas, tipo p-i-n y 
n-i-p, con las siguientes configuraciones (Figura 27): ITO/TaTm:F6-
TCNNQ(40 nm)/TaTm(10 nm)/MAPbI3(500 nm)/C60(10 nm)/C60:PhIm(40 
nm)/Ag(100 nm) (Figura 27a) e ITO/C60:PhIm(40 nm)/C60(10 
nm)/MAPbI3(500 nm)/TaTm(10 nm)/TaTm:F6TCNNQ(40 nm)/Au(100 nm) 
(Figura 27b). La capa dopada compuesta por TaTm:F6-TCNNQ se referirá en 
el texto como p-HTL y la capa dopada compuesta por C60:PhIm se referirá 
como n-ETL. Los dispositivos se fabricaron en una cámara de vacío, la cual 
contiene seis fuentes térmicas para evaporación de moléculas. La estructura de 
la cámara de vacío y monitorización del proceso son los mismos descritos en el 
capítulo anterior. Previamente a la deposición de las capas, cada material fue 
calibrado individualmente y se obtuvo un factor de calibración para la 
diferencia de lectura de espesor en el sensor y el espesor real de la capa 
depositada. Una vez obtenido el factor de calibración, los materiales fueron co-
evaporados en el rango de temperaturas de 135‒160 ºC para los dopantes y 250 
ºC para las moléculas transportadoras de carga. Para la optimización de la 
concentración de dopante en las capas dopadas, la velocidad de deposición para 
los materiales TaTm y C60 fue mantenida constante a 0,8 Å s‒1 mientras se 
variaba la velocidad de deposición de los dopantes durante la co-deposición. 
Las capas puras de TaTm y C60 fueron depositadas a una velocidad de 
evaporación de 0,5 Å s‒1.  
En la fabricación de los dispositivos p-i-n (Figura 27a) se depositaron 
40 nm de p-HTL (TaTm:F6-TCNNQ) y 10 nm de TaTm puro, mientras que en 
la fabricación de los dispositivos n-i-p (Figura 27b) se depositaron una capa de 
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40 nm de n-ETL (C60:PhIm) y 10 nm de C60 puro. Una vez depositados los 
respectivos contactos selectivos de carga, se depositó una capa de perovskita 
de 500 nm de espesor siguiendo el mismo procedimiento al descrito en la 
Sección 3.2.2. de este capítulo. A continuación, se depositaron una capa de 10 
nm de C60 puro y una capa de 40 nm de n-ETL (C60:PhIm) (p-i-n, Figura 27a) o 
10 nm de TaTm y 40 nm de p-HTL (TaTm:F6-TCNNQ) (n-i-p, Figura 27b). Se 
completaron los dispositivos con la deposición de una capa de 100 nm del 
respectivo electrodo superior (Ag para p-i-n y Au para n-i-p) mediante 
evaporación térmica en vacío. 
Las capas de perovskita y los dispositivos fueron caracterizados de 
igual manera a la descrita en la Sección 3.2.2. de este capítulo. 
3.3.3. Resultados y discusión 
Como etapa previa se depositó una capa de 500 nm de perovskita sobre 
vidrio y se estudiaron sus propiedades ópticas, morfológicas y cristalinas. El 
difractograma de rayos X presenta los picos típicos de la fase tetragonal de 
MAPbI3 (Figura 28a). La morfología superficial de la capa observada por SEM 
presenta una capa compacta, libre de huecos y con un tamaño de grano de 
entorno a 100 nm (Figura 28b). El espectro de absorción exhibe absorción que 
comienza de forma abrupta a 790 nm correspondiente a una banda prohibida de 
~1.5 eV (Figura 28c). 
Una vez caracterizada la capa, ésta se implementó en células solares 
tipo p-i-n con la configuración ITO/TaTm/MAPbI3/C60/Ag. La respuesta 
fotovoltaica de la célula solar bajo iluminación de 1 sol es muy baja presentando 
un pronunciado efecto s-shape, el cual indica que la extracción de las cargas 
está impedida debido a una alta resistencia de las capas transportadoras de 
cargas o a la existencia de una barrera de extracción de las cargas en las 
interfaces con los electrodos. 
Para reducir la resistencia en serie del dispositivo y asegurar un 
contacto óhmico entre las capas orgánicas y los electrodos, se introdujo una 
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capa parcialmente oxidada y reducida entre las interfaces TCO/HTL y 
ETL/metal, respectivamente (Figura 27). La conductividad y absorción de las 
capas p-HTL y n-ETL se midieron para diferentes concentraciones de dopante, 
observando que la conductividad y absorción de la capa p-HTL aumenta al 
aumentar la concentración de dopante (Figura 31a y 31c). Sin embargo, en la 
capa n-ETL la conductividad aumenta pero la absorbancia disminuye al 
aumentar la concentración de dopante (Figura 31b y 31d). Hay que resaltar que 
la conductividad de la capa p-HTL es dos órdenes de magnitud menor que la 
de la capa n-ETL en el rango de concentración de dopantes estudiado. 
En células solares tipo p-i-n, para optimizar la concentración de 
dopante en la capa p-HTL, se mantuvo constante la concentración de dopante 
en el contacto n-ETL a 30% en peso. A partir de los datos obtenidos de las 
curvas J−V medidas bajo iluminación de 1 sol en dispositivos con diferentes 
cantidades de dopante en la capa p-HTL (Figura 32), se observó un aumento en 
el FF de 55% a 74% cuando se aumenta la concentración de dopante en la capa 
p-HTL desde un 3% a un 11% en peso. Las cargas se extraen más 
eficientemente al aumentar la conductividad en la capa. Además, el VOC 
también aumenta debido a una reducción de la recombinación de carga al verse 
favorecida la extracción de cargas hacia los electrodos. Sin embargo, el JSC 
disminuye al aumentar la concentración de dopante debido a que la capa p-HTL 
absorbe más al aumentar la concentración de dopante, disminuyendo la luz que 
incide en la capa de perovskita. Se obtuvo una concentración óptima de dopante 
en la capa p-HTL del 11% en peso obteniendo células solares con PCE del 
15,9%. Una vez optimizada la concentración de dopante de la capa p-HTL, ésta 
se mantuvo constante a la óptima concentración de 11% en peso y la 
concentración de dopante en la capa n-ETL fue modificada. En este caso, el 
efecto de la concentración de dopante en la capa n-ETL no es significativo y se 
obtuvieron rendimientos similares en el rango de concentraciones de dopante 
estudiado, debido a que la conductividad de la capa n-ETL es suficientemente 
alta para la extracción de cargas hacia el electrodo (Ag). 
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En los dispositivos tipo n-i-p, el electrodo superior elegido fue el Au 
debido a su función de trabajo más alta en comparación con la Ag. Para 
optimizar la concentración de dopante en la capa n-ETL, ésta se varió mientras 
que la concentración de dopante p-HTL se mantuvo constante e igual a un 11% 
en peso (Figura 33). El JSC aumenta al aumentar la concentración de dopante 
debido a la menor absorción de la capa n-ETL. El VOC y el FF se mantuvieron 
constantes en el rango de concentraciones de dopante evaluado, presentando 
altos valores de 1,1 V y 80%, respectivamente. Estos valores dan lugar a valores 
de PCE del 18% y a una célula solar con un 20% de eficiencia, la cual constituye 
el record no sólo de células solares con perovskita depositadas en vacío, sino 
también de células solares basadas en MAPbI3. 
Los resultados demuestran un fuerte aumento en el rendimiento de las 
células solares n-i-p respecto a las p-i-n, debido a un mayor valor de FF en n-i-
p (80%) en comparación con p-i-n (70%) (Figura 34). El aumento de FF puede 
ser debido a la diferencia de conductividad de las capas transportadoras de 
cargas dopadas en el contacto frontal con el ITO, ya que la conductividad de la 
capa n-ETL es dos órdenes de magnitud mayor que la conductividad de la capa 
p-HTL. Para esclarecer esta diferencia, se realizaron medidas de dependencia 
de FF frente a la intensidad de luz incidente en ambas configuraciones (Figura 
35). El FF de las células solares p-i-n aumenta al disminuir la intensidad de luz 
y luego disminuye (Figura 35a), mientras que en los dispositivos n-i-p el FF no 
se ve afectado por la intensidad de luz incidente al comienzo y luego disminuye 
(Figura 35b). Esta tendencia confirma que en la configuración p-i-n existe una 
barrera de extracción de los huecos. Las medidas de la eficiencia cuántica 
externa de electroluminiscencia (Figuras 35c y 35d) demostraron una mayor 
eficiencia y una inyección de cargas más balanceada en los dispositivos n-i-p. 
La habilidad de inyectar más eficientemente huecos cuando la capa p-HTL está 
situada entre la capa de HTL y el electrodo superior Au (n-i-p) se puede explicar 
considerando que el electrodo metálico es evaporado térmicamente encima de 
la capa p-HTL, lo cual da lugar a un contacto más eficiente debido a que átomos 
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metálicos pueden penetrar ligeramente en las capas orgánicas y aumentar su 
conductividad. La mejor celda tipo n-i-p presenta un valor de EQEEL= 0,36%, 
el cual es uno de los mayores valores publicados para diodos emisores de luz 
empleando como capa emisora MAPbI3. 
La histéresis de los dispositivos fue evaluada a diferentes velocidades 
de barrido en curvas J‒V (Figura 36). Se observó una histéresis mínima en 
dispositivos p-i-n con pequeñas fluctuaciones en VOC y FF debidas a un posible 
problema de extracción de las cargas en la interface ITO/p-HTL (Figura 36a). 
Sin embargo, los dispositivos n-i-p no presentan histéresis a ninguna de las 
velocidades de barrido estudiadas (Figura 36b). 
Para estudiar el efecto de las capas HTL y ETL en el dispositivo, se 
fabricaron y evaluaron una serie de células solares p-i-n sin la presencia de una 
de las dos capas intrínsecas (Figura 37a y Tabla 5). El rendimiento de la célula 
solar que no contiene la capa intrínseca ETL es significativamente peor que la 
célula solar de referencia que contiene ambas capas debido a que 
recombinación entre electrones y huecos puede ocurrir en la interface causando 
la reducción simultánea de todos los parámetros de la célula solar. Sin embargo, 
para las células solares que no contienen la capa intrínseca HTL, su rendimiento 
empeora ligeramente en comparación con la célula de referencia, debido a la 
menor conductividad de la capa p-HTL (comparado con la capa n-ETL), la cual 
puede confinar los electrones en la capa de perovskita y disminuir la 
recombinación de carga en la interface p-HTL/MAPbI3. 
El efecto de la eliminación de las capas intrínsecas en dispositivos n-i-
p también fue evaluado (Figura 37b y Tabla 5). La supresión de la capa de C60 
reduce el rendimiento de la célula solar en los parámetros VOC y FF, mientras 
la supresión de la capa de TaTm tiene un efecto mínimo. Por lo tanto, la 
presencia de las capas intrínsecas entre la capa de perovskita y las capas 
dopadas es necesaria para la obtención de células solares altamente eficientes 
independientemente de la configuración del dispositivo. 
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Por último, se evaluó el efecto de las capas dopadas en el rendimiento 
de las células solares (Figura 38). En ambas configuraciones, las capas p-HTL 
y n-ETL son esenciales para evitar problemas severos en la extracción de 
cargas. Sin embargo, dispositivos tipo p-i-n con una capa fina de C60 y el 
electrodo superior (Ag) presentan un apreciable rendimiento fotovoltaico 
debido al dipolo que se crea en la interface C60/Ag aumentando la extracción 
de las cargas hacia el electrodo. 
3.3.4. Conclusiones 
En este trabajo se han fabricado células solares de perovskita cuyas 
capas han sido depositadas por deposición en vacío. La capa absorbente de luz 
(MAPbI3) se depositó entre capas intrínsecas y dopadas compuestas por 
moléculas orgánicas transportadoras de cargas. En concreto, se fabricaron y 
evaluaron dos tipos diferentes de configuraciones, una invertida respecto a la 
otra, p-i-n y n-i-p produciendo células solares planas sin histéresis y con muy 
altas eficiencias, 16,5% and 20%, respectivamente. 
Los resultados demostraron que las prestaciones de las células solares 
tipo n-i-p eran superiores a las obtenidas en la configuración p-i-n. Este 
aumento, debido al incremento en el FF, está probablemente relacionado con la 
diferencia de conductividad en la capa transportadora de cargas dopada en el 
contacto frontal, siendo mayor la conductividad de la capa n produciendo una 
extracción e inyección de cargas más eficiente con la interface del ITO y 
presentando un mayor balance entre las cargas. 
En este trabajo se optimizó la concentración de dopante que contiene 
la capa dopada del contacto frontal. La optimización se realizó mediante 
medidas de absorbancia y conductividad de las capas con diferentes 
concentraciones de dopante, junto con su evaluación en la respuesta 
fotovoltaica de los correspondientes dispositivos mediante curvas J−V. Los 
valores óptimos de concentración de dopante fueron de 11% en peso de dopante 
tipo p (F6-TCNNQ) para la capa p-HTL (configuración p-i-n) y 60% en peso 
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de dopante tipo n (PhIm) para la capa n-ETL (configuración n-i-p). En ambas 
configuraciones, la concentración de dopante en la capa dopada del contacto 
superior se mantuvo constante a 30% en peso de dopante tipo n (PhIm) 
(configuración p-i-n) y a 11% en peso de dopante tipo p (F6-TCNNQ) 
(configuración n-i-p). 
Se estudió el efecto de las capas intrínsecas y dopadas transportadoras 
de huecos en el rendimiento fotovoltaico de las células solares. Para ello, se 
fabricaron células solares tipo p-i-n y n-i-p sin la presencia de una de las dos 
capas intrínsecas o sin una de las dos capas dopadas. 
El rendimiento fotovoltaico de las células solares p-i-n sin capa 
intrínseca ETL se vio significativamente efectada en comparación con células 
solares sin la capa intrínseca HTL. Esto es debido a que la menor conductividad 
de la capa p-HTL puede confinar los electrones en la capa de perovskita 
reduciendo la recombinación de carga en la interface p-HTL/MAPbI3. Mientras 
que en dispositivos n-i-p, la supresión de la capa de ETL reduce el rendimiento 
de la célula solar mientras que la supresión de la capa de HTM tiene un mínimo 
efecto.  
En el estudio de la supresión de las capas dopadas se observó un mayor 
efecto negativo en el rendimiento de las células solares. En ambas 
configuraciones, las capas p-HTL y n-ETL son esenciales para evitar problemas 
severos en la extracción de cargas. Sin embargo, en dispositivos tipo p-i-n con 
una capa fina de C60 y el electrodo superior (Ag) presentan un apreciable 
rendimiento fotovoltaico debido al dipolo que se crea en la interface 
aumentando la extracción de las cargas hacia el electrodo. 
Por lo tanto, la presencia de las capas intrínsecas entre la capa de 
perovskita y las capas dopadas es necesaria para la obtención de células solares 
altamente eficientes independientemente de la configuración del dispositivo.  
Este trabajo representó el poder realizar por primera vez una 
comparación directa entre estas dos configuraciones, p-i-n y n-i-p, utilizando 
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los mismos materiales en su fabricación e invirtiendo únicamente el orden de 
deposición de los mismos. Tras la optimización, las células solares no 
presentaron histéresis y se obtuvieron muy altas eficiencias, mayores de 16.5% 
(p-i-n) y 20% (n-i-p), siendo no solo las eficiencias más altas publicadas en 
células solares depositadas en vacío sino también entre las células solares cuya 
capa absorbente de luz es MAPbI3. También, los dispositivos fueron evaluados 
como diodos emisores de luz obteniendo el máximo valor de EQEEL 
(EQEEL=0,36%) entre los diodos emisores de luz basados en MAPbI3 
publicados. 
Además, la fabricación de estos dispositivos cuyas capas han sido 
depositadas en vacío, demuestran que se puede realizar una modificación de las 
propiedades del dispositivo controlando la composición de las capas, 
permitiendo el uso de este tipo de células solares en una específica aplicación 
de los mismos en configuración tipo tándem.  
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